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Abstract 
 
The synthesis and characterisation of a series of {AnO2}
n+
 complexes containing 
multidentate ligand environments is reported. 
Three novel {UO2}
2+
 complexes (1 - 3) containing N3O2 linear pentadentate ligands 
have been prepared and crystallographically characterised. NMR spectroscopy has 
been able to show that 1 – 3 are stable with respect to ligand exchange, in a range of 
solvents. The strength of the O=U=O unit has been probed by vibrational 
spectroscopy and 1 - 3 exhibit some of the weakest O=U=O ν1 stretching modes 
reported (802 – 805 cm-1). The cyclic voltammetry (CV) of 1 - 3 in various solvents 
(0.1 M [Bu4N][PF6]) has been performed and indicate the position and reversibility 
of the {UO2}
2+
/{UO2}
+
 redox couple has been found to be subtly dependent on the 
solvation environment. 
{UO2}
2+
 complexes (4 - 6) have been prepared by subtle modification of reaction 
conditions using a rigid N2O2S linear pentadentate ligand. Characterisation by X-Ray 
diffraction reveals different monometallic systems, where 4 and 5 are solely bound 
to the O2 donors of the ligand and 6 exhibits uranyl binding through all of the donor 
atoms in the N2O2S cavity. 
1
H
 
NMR spectroscopy shows 5 exhibits intramolecular 
rearrangement on the NMR timescale in DCM, but undergoes intermolecular ligand 
exchange in more coordinating solvents (DMSO, py). Cyclic voltammetry of 5 in 
DCM (0.1 M [Bu4N][PF6]) also indicates that rearrangements and/or  ligand 
exchange processes may occur at rate comparable to that of the CV studies. Complex 
6 exhibits stability with respect to ligand exchange or rearrangement in various 
solvents and shows comparable solvation environment dependency of the 
{UO2}
2+
/{UO2}
+
 redox couple, relative to 1 - 3. 
Three monometallic {UO2}
2+
 complexes (7 - 9) have been prepared using a rigid 
tetradentate N2O2 ligand. A dimetallic {UO2}
2+
 complex (10) where two {UO2}
2+
 
are linked by a 4,4‟-bipyridine bridge, has been formed by controlled ligand 
exchange. Vibrational spectroscopy shows the presence of the O=U=O ν1 stretch in 
both the Raman and infrared spectra for 7 - 10, likely to be caused by distortion of 
the ligand about the {UO2}
2+
 equatorial plane causing a change in dipole for the 
O=U=O ν1 stretching mode. 
A synthetic and spectroscopic study of neptunyl coordination to N3O2 linear 
pentadentate ligands has been made. Adopting a similar method that was 
successfully employed in the synthesis of 1 - 3, resulted in the reduction of {NpO2}
2+
 
to {NpO2}
+
, giving a series of complexes (11 - 13). Complex 13 has been 
crystallographically characterised and shows a monometallic {NpO2}
+ 
complex 
which is bound to all of the atoms in the N3O2 cavity. 
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1.1 Discovery of the Actinides 
Uranium was first discovered in 1789 when Klaproth isolated a black metallic 
substance from the mineral pitchblende.
[1] 
For fifty years it was believed that this 
was elemental uranium, however in 1841 Péligot reduced this substance, stating that 
it was in fact UO2, to yield metallic uranium. The significance of these early 
experiments were not fully realised until 1896 when Becquerel discovered that 
uranium readily undergoes radioactive decay.
[2]
 The discovery of nuclear fission 
with uranium by Hahn and Strassmann in 1938 not only lead to the generation of 
nuclear power, but also the widespread investigation of the transuranic elements.
[3]
 
This resulted in the discovery of neptunium by McMillan and Abelson and 
plutonium by Seaborg, McMillan, Kennedy and Wahl in 1940.
[3]
 Eight transuranic 
elements had been discovered by the end of the 1950s, all from the nuclear fission of 
uranium.
[4] 
 
1.2 Nuclear Fission 
Nuclear fission is the process where bombardment of neutrons into an unstable 
nucleus results in the splitting into two smaller nuclei with the production of more 
neutrons and energy in the form of heat. The released neutrons can collide, causing 
further fission processes to occur.
[1,3] 
The most significant (non-military) use of 
nuclear fission is through nuclear power generation. 
235
U is the only naturally 
occurring fissile nucleus and is utilised as nuclear fuel for reactors, typically 
enriched from 0.72 % (naturally occurring concentration) to ~3 % for reactor fuel.
[1,3]
 
 
The progression of nuclear fuel from the mining of uranium to eventual disposal or 
re-use of spent nuclear fuel is known as the nuclear fuel cycle. The nuclear fuel cycle 
is often described as either an open or closed cycle, the closed cycle referring to 
reprocessing of spent fuel, described in Figure 1.1.
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Figure 1.1 Diagrammatic representation of the nuclear fuel cycle.
[5]
 
 
In the USA, reprocessing of spent nuclear is not considered to be economically 
viable, therefore spent fuel rods are temporarily stored until a long-term storage 
solution can be found.
[1]
 Spent fuel consists of approximately 96 % U, 1 % Pu and 
3 % fission products and minor actinides, with fissile U and Pu being valuable 
resources. The Sellafield site in Cumbria reprocesses spent fuel using a solvent 
extraction process, PUREX (Plutonium and URanium EXtraction).
[1,3]
  
 
To date, the global consumption of energy from nuclear fission stands at 14 %
[6]
 and 
is likely to rise due to dwindling fossil fuel resources. This has left the world with 
large amounts of nuclear waste from uranium mining, extraction, enrichment and 
waste reprocessing. A greater understanding of the chemistry of the actinides must 
be obtained in order to safely treat, dispose or reprocess these by-products. 
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1.3 Chemistry of the Actinides 
1.3.1 General Properties 
All of the f-block elements are very electropositive and tarnish rapidly in air.
[4] 
The 
actinides result from the gradual filling of the 5f atomic orbitals, like the filling of the 
4f atomic orbitals in the lanthanides. Table 1.1 presents the ground state electronic 
configurations of the actinides.
[1] 
 
Symbol Element Ground state electronic configuration 
Ac Actinium [Rn]6d
1
7s
2
 
Th Thorium [Rn]6d
2
7s
2
 
Pa Protactinium [Rn]5f
2
6d
1
7s
2
 
U Uranium [Rn]5f
3
6d
1
7s
2
 
Np Neptunium [Rn]5f
4
6d
1
7s
2
 
Pu Plutonium [Rn]5f
6
7s
2
 
Am Americium [Rn]5f
7
7s
2
 
Cm Curium [Rn]5f
7
6d
1
7s
2
 
Bk Berkelium [Rn]5f
9
7s
2
 
Cf Californium [Rn]5f
10
7s
2
 
Es Einsteinium [Rn]5f
11
7s
2
 
Fm Fermium [Rn]5f
12
7s
2
 
Md Mendelevium [Rn]5f
13
7s
2
 
No Nobelium [Rn]5f
14
7s
2
 
Lr Lawrencium [Rn]5f
14
6d
1
7s
2
 
 
Table 1.1 Ground state electronic configurations of the actinide elements.
[4]
 
 
1.3.2 The f-orbitals 
For the f-orbitals, the principal quantum number n, is 4 = Ln and 5 = An; l = 3 and 
ml = 0, ±1, ±2 and ±3. These generate a set of seven f-orbitals, which are degenerate 
and have ungerade parity. The shapes of the f-orbitals are shown in Figure 1.2. 
These shapes arise from solving the Schrödinger equation and there are general and 
Chapter 1 - Introduction 
 
32 
 
cubic sets. The general set is useful for describing molecular complexes which 
contain a high-order axis of symmetry. The cubic set is the most commonly used and 
relates to tetrahedral, octahedral and cubic ligand fields.
[7] 
 
Figure 1.2 The general and cubic representations of the f-orbitals.
[7] 
 
The f-orbitals are responsible for the chemical and physical properties of the 
lanthanide and actinide elements. The poor shielding characteristics of the f-orbitals 
leads to a regular decrease in the radii of the f-sub-shell as the nuclear charge 
increases. This is known as the lanthanide contraction in the case of the 4f-orbitals 
and the actinide contraction for the 5f-orbitals. This is evident when the comparative 
ionic radii of the actinides or lanthanides are studied. Table 1.2 illustrates this 
behaviour for tetravalent, 6-coordinate actinide ions.
[7]
 
Element 
M
4+ 
Electronic 
Configuration 
M
4+ 
Ionic Radius / 
pm 
Th [Rn]5f 
0
 94 
Pa [Rn]5f 
1
 90 
U [Rn]5f 
2
 89 
Np [Rn]5f 
3
 87 
Pu [Rn]5f 
4
 86 
Am [Rn]5f
 5
 85 
Cm [Rn]5f 
6
 85 
Bk [Rn]5f
 7
 83 
Cf [Rn]5f
 8
 82 
 
Table 1.2 Ionic radii for selected 6-coordinate An
4+
 ions.
[7]
 
x3 
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1.3.3 The Radial Extension of the f-orbitals 
The radial probability distribution function in Equation 1, defines the probability of 
finding an electron in an orbital (R) at a given distance (r) from the nucleus, where n 
and l correspond to the quantum numbers for a given orbital. 
 
P(R) = 4πr2Rnl
2
   (Equation 1) 
 
Using Equation 1, it is possible to represent the relative radial probabilities for 4f and 
5f elements. The comparative radial probability distribution plots for Sm
3+
 and Pu
3+ 
(nf 
4
) are illustrated in Figure 1.3. For the samarium ion, the 4f electrons are buried 
deep within the atom which explains why the 4f electrons do not take part in any 
significant covalent bonding. For the plutonium ion, the 5f electrons extend further 
from the nucleus due to relativistic considerations. This is observed by the broadened 
distribution of the 5f electrons in Pu
3+
 relative to those of the 4f electrons in Sm
3+
 
(Figure 1.3). This allows the possibility for the 5f electrons to participate (in some 
cases) in covalent bonding  interactions.
[8]
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Figure 1.3 Radial probability distribution plots of Sm
3+ 
and Pu
3+
.
[8] 
 
1.3.4 Oxidation States of the Actinides 
The principal difference between the 4f and 5f orbitals is the fact that the 4f atomic 
orbitals are deeply buried towards the nucleus, hence „core-like‟. Once three 
electrons are removed from the 4f, 5d and/or 6s atomic orbitals the electronic 
configuration becomes 4f 
n 
5d
0 
6s
0
 and removal of a fourth electron would be from a 
„core-like‟ orbital. Consequently, the 4f orbitals are not available for covalent 
bonding and ionisation beyond the Ln
3+
 ion is not energetically favourable, in most 
cases.  The exceptions are Ce
4+
 and Tb
4+
, which have empty and half-filled f-orbitals, 
respectively, (Ce
4+
 = 4f
 0 
and Tb
4+
 = 4f 
7
), that stabilise the +4 state in these ions. The 
remaining lanthanides do not have access to the f 
0
 or f 
7
 electronic configurations in 
the +4 state, therefore typically exist in the +3 oxidation state.
[7]
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In contrast to the behaviour of the lanthanides, the actinides can exist in a range of 
oxidation states, as illustrated in Table 1.3. This is due to the greater extension of the 
5f atomic orbitals from the nucleus (see Figure 1.2) and therefore the energy 
separation between the 5f, 6d, 7s and 7p atomic orbitals is small enough that valence 
states are readily attained.
[7]
  
Element Oxidation States 
Ac 
Ac  
3 
   
  
Th 
  
4 
  
  
Pa 
  
4 5 
 
  
U 
 
3 4 5 6   
Np 
 
3 4 5 6 7 
Pu 
 
3 4 5 6 7 
Am 2 3 4 5 6   
Cm 
 
3 4 
  
  
Bk 
 
3 4 
  
  
Cf 2 3 4 
  
  
Es 2 3 
   
  
Fm 2 3 
   
  
Md 2 3 
   
  
No 2 3 
   
  
Lr   3         
 
Table 1.3 The oxidation states of the actinides, the most stable states are shown in 
blue.
[7]
 
In the early part of the actinide series (Ac – Pa), the valence electrons are reasonably 
high in energy and are easily lost. This results in the oxidation states being dictated 
by the group number.  The 5f and 6d orbitals are very close in energy for the mid 
actinides (U – Am) and electrons are able to switch between the 5f and 6d orbitals. 
The availability of these orbitals lead to the range of oxidation states accessible for 
the mid actinides. As the 5f atomic orbitals are filled, the orbital energies invert, with 
the 5f atomic orbitals becoming lower in energy than the 6d, and the energy gap 
between these orbitals widens. U for example, is most stable in the +VI state, 
corresponding to loss of all valence electrons. In the case of Np, which is most stable 
in the +V state the widening of the energy gap between the 5f and 6d atomic orbitals 
means that the 5f 
2
 ground state is favoured. For the later actinides (Cm to Lr), the 
energy gap between the 5f and 6d atomic orbitals is sufficiently large that the 5f
 n 
7s
2
 
ground state is favoured. This is analogous to the ground state configurations of the 
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+0.337 
+0.16              +0.58                 -0.63              -1.70 
+0.99 
+1.24              +0.74           +0.155                  -1.83 
+1.04 
+1.01                 +1.17              +0.98              -2.03 
lanthanides, 4f
 n
6s
2
 and hence the late actinides exhibit fewer oxidation states and 
relatively simplified behaviour.
[8] 
 
1.3.5 The Redox Properties of the Actinides 
The electropositive nature of the actinides means that in aqueous solutions the 
actinide atoms can readily lose outer electrons and form cations in a range of 
oxidation states.
 
Much of the solution chemistry characteristic for a given actinide 
ion depends on the nature of its oxidation state. The higher oxidation states of U, Np, 
Pu and Am (V and VI) have sufficiently large positive charges that in aqueous 
solution they can strip oxygen atoms from water, resulting in the formation of actinyl 
species {AnO2}
n+
.
[8]
 The redox behaviour of the actinides is strongly pH dependent, 
and the formal reduction potentials for U, Np and Pu in 1 M perchloric acid are 
described in Figure 1.4. 
 
UO2
2+
  UO2
+  
U
4+
  U
3+
  U 
 
  
  
NpO2
2+
 NpO2
+  
Np
4+
 Np
3+
 Np 
 
  
  
PuO2
2+
  PuO2
+  
Pu
4+
  Pu
3+
  Pu 
 
Figure 1.4 Formal reduction potentials (V vs. SHE) of selected actinide elements in 
1 M perchloric acid solutions at 25 °C.
[9] 
 
The intrinsic differences between the redox potentials for the actinide elements 
means that for a given set of solution conditions, each actinide will exhibit a 
different set of oxidation states. U(III) for instance, is stable only in certain 
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conditions and easily oxidises to U(IV), while {UO2}
+
 readily disproportionates to 
{UO2}
2+
 and U(IV). Neptunium exhibits oxidation states in the range +III to +VI 
inclusive, with {NpO2}
+ 
being the most stable oxidation state. The {NpO2}
2+
 ion is 
unstable with respect to reduction to {NpO2}
+
, and in certain conditions {NpO2}
+
 
has been shown to disproportionate into {NpO2}
2+
 and Np(IV).
[10]
 In aqueous 
systems, plutonium can co-exist in a range of oxidation states, +III to +VI inclusive. 
This is due to the formal reduction potentials for all reductions from {PuO2}
2+
 to 
Pu(III) (Figure 1.4) being approximately the same.
[11] 
In acidic conditions Pu(IV) 
disproportionates into Pu(III) and {PuO2}
+
; {PuO2}
+
 can disproportionate into 
Pu(III) and {PuO2}
2+
; in certain circumstances Pu(IV) and {PuO2}
+
 can 
comproportionate into Pu(III) and {PuO2}
2+
.
[8,11,12]
 
 
1.4 Structure and Bonding of the Actinyl Ion {AnO2}
n+
 
Actinide elements that have accessible oxidation states above +4 typically exist as 
the actinyl ion, {AnO2}
n+ 
(n = 1, 2). The actinyl ions contain linear O=An=O, in 
contrast with dioxo transition metal cations such as {MoO2}
2+
 and {VO2}
+ 
where the 
O=M=O angles are ~110 °.
[1,4] 
The An=O bond distances of the actinyl ion are 
usually 1.7 to 1.9 Å. 
[1,4] 
 
The An=O bonds of the actinyl cations are remarkably stable and show a high degree 
of covalency and kinetic inertness.
[8]
 The actinyl cations remain structurally intact 
over a wide pH range which highlights the kinetic stability of the actinyl cations. 
Recent experimental and theoretical calculations have been utilised to develop the 
molecular orbital diagram for {UO2}
2+
 (Figure 1.5), which has helped to elucidate 
the structure and bonding characteristics of {UO2}
2+
 complexes.
[8,13] 
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U(5f) 
 
6d anti-bonding (ζ and π) 
6d non-bonding (δ) 
5f anti-bonding (ζ and π) 
5f non-bonding (δ and φ) 
O (2p) combinations 
(6 in total) 
ζu 
ζg 
 πg 
πu 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Figure 1.5 Schematic molecular orbital diagram for the uranyl(VI) ion {UO2}
2+
.
[1]
 
 
The linear, trans dioxo {UO2}
2+
 cation has no f-electrons (f 
0
). The twelve electrons, 
(six from each oxide) become accommodated in the six bonding molecular orbitals. 
These bonding molecular orbitals arise from the linear combination of the 2p atomic 
orbitals from the oxygen atoms and the 6d and 5f atomic orbitals from the uranium. 
The An-O molecular bonding orbitals formed from the atomic orbitals is described in 
Figure 1.6.
[8] 
 
U(6d) 
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Figure 1.6 Metal based 6d and 5f atomic orbitals of the correct symmetry to interact 
with the 2p atomic orbitals on oxygen.
[8]
 
 
In the linear uranyl configuration, strong, covalent bonds result from the U 6d - O 2p 
and U 5f – O 2p π bonds. The overlap of the atomic orbitals result in the formation of 
a formal U≡O triple bond.[14] In contrast, d-block cis dioxo analogues; {MoO2}
2+
 and 
{VO2}
+
 display relatively weaker M=O bonding, with M=O bond orders of 1.5.
[7]
 
Equatorial bonding to the uranyl cation can only take place through the remaining 6d 
or 5f orbitals in the equatorial plane. These equatorial interactions occur through 
predominantly ionic bonding. 
 
1.5 Coordination Chemistry of the Actinyl Ions 
The coordination chemistry of U, Np, Pu and Am in the +V and +VI oxidation states 
is dominated by the actinyl ion, {AnO2}
n+ 
(n =1, 2). The kinetic stability of the 
An=O bonds in the actinyl ion means that additional ligand coordination typically 
takes place in the equatorial plane of the linear dioxo unit. Typically, between four 
and six additional ligands can coordinate equatorially and this results in the 
coordination geometries shown in Figure 1.7. The most common coordination 
geometry is pentagonal bipyramidal, incorporating five equatorially bound donors. 
The coordination geometry of the actinyls is dictated by the steric and electronic 
properties of the bound ligands. 
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Figure 1.7 Possible coordination polyhedral of the actinyl ions (octahedral, 
pentagonal bipyramidal, hexagonal bipyramidal).
[15] 
 
The uranyl ion, {UO2}
2+
 is the most widely studied actinyl ion due to its chemical 
stability, relatively low radiological hazard and environmental significance.
[16]
 
Unlike d-block oxo-cations, {UO2}
2+
 is stable over a wide pH range and can be 
identified in almost all uranium(VI) oxide-containing solids.[13]  
 
1.5.1 Cation-cation Interactions 
The coordination chemistry of the actinyls is not solely limited to ligation in the 
equatorial plane. In certain circumstances, actinyl {AnO2}
n+
 (n = 1, 2) cations are 
known to participate in cation-cation interactions (CCIs), whereby the actinyl oxo 
ligand (donor) is able to interact with other cations (acceptor), including other actinyl 
cations (Figure 1.8). The formation of CCIs is highly dependent on the actinyl 
involved, as the cause of these interactions is due to the Lewis basicity of the oxo 
ligands.
[16]
 CCIs have been observed in the solution and solid state for {UO2}
2+
, 
{UO2}
+
, {NpO2}
+
, {PuO2}
+
 and {AmO2}
+
.
[16] 
CCIs have been studied by numerous 
techniques, including absorption, Mӧssbauer and laser-induced photoacoustic 
spectroscopies.
[17]
 
Further details of {UO2}
n+ 
(n = 1, 2) and {NpO2}
+
 complexes exemplifying CCIs are 
presented in Section 1.7 and Section 1.8, respectively. 
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Figure 1.8 Diagrammatic representation of cation-cation interactions (CCIs). 
 
1.6 Uranyl(VI) Coordination Chemistry 
1.6.1 Selected Uranyl(VI) Complexes with Bidentate Ligands 
The study of {UO2}
2+ 
complexes with bidentate ligands is a vast and extensively 
studied field of research, therefore this section will focus on several examples  
exhibiting interesting coordination properties. 
Studies involving the potentially bidentate DPPMO2 (bis(diphenylphosphino)-
methanedioxide) ligand have received much interest over recent years as a potential 
substitute for the analogous tri-butyl phosphate (TBP) ligand, which is currently 
used in the PUREX (Plutonium and URanium EXtraction) process. DPPMO2 has the 
possibility of binding in monodentate and bidentate (including bridging) 
coordination modes (Figure 1.9).
[18] 
 
 
Figure 1.9 Possible coordination modes of DPPMO2 in (a) monodentate, (b) 
bridging bidentate and (c) chelating bidentate modes.
[18c] 
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The corresponding {UO2}
2+
 complexes displaying monodentate and bidentate 
DPPMO2 groups are presented in Figure 1.10.
[18] 
 
 
Figure 1.10 ORTEP plots of [UO2(dbm)2(DPPMO2)] (left, monodentate DPPMO2, 
dbm
-
 = dibenzoylmethanato) and [UO2(DPPMO2)2(TPPO)] (right, bidentate 
DPPMO2, TPPO = triphenylphosphine oxide).
[18a,c]  
 
The incorporation of strong ζ-donor groups into bidentate ligands can lead to 
unusual coordination environments and physical characteristics. Sarsfield and co-
workers have utilised the strong ζ-donor ligands NCN ([PhC(NSiMe3)2]
-
 and NPN 
([Ph2P(NSiMe3)2]
-
) to produce {UO2}
2+
 complexes (Figure 1.11). These exhibit 
bound NPN and NCN ligands, which occupy binding sites which are distorted from 
the equatorial plane. This results in the bending of the O=U=O unit from linearity 
(169.7(2) °) and shows that binding to {UO2}
2+
 is not necessarily equatorial and 
disruption of the O=U=O bonding can occur.
[19] 
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Figure 1.11 ORTEP plots of [UO2(NCN)2] (left) and [UO2(NPN)2] (right), views 
along the O=U=O axes.
[19]
 
 
β-Diketonate ligands have been widely studied in uranyl chemistry, due to the ability 
of these ligands to form monometallic and multimetallic complexes. Taylor and co-
workers have utilised hfac
-
 (hfac
-
 = hexafluoroacetylacetonate) to isolate 
monometallic uranyl species [UO2(hfac)2(X)] (X = H2O, THF).
[20]
 Interestingly, 
dehydration of [UO2(hfac)2(H2O)] resulted in the isolation of a uranyl trimetallic 
species, [UO2(hfac)2]3, where each uranyl unit is connected through CCIs.
[20]
 The 
interesting coordination modes that β-diketonate ligands can adopt and their wide 
commercial availability has led to an increased interest in this field of research. The 
Ikeda and the Mazzanti groups have studied the possibility of the stabilisation of 
{UO2}
+ 
with the bidentate dbm (dbm
-
 = dibenzoylmethanato) ligand (further 
described in Section 1.7).
[21,22]
  
 
1.6.2 Uranyl(VI) Complexes with Tridentate Ligands 
A comprehensive study of uranyl complexes containing carboxylate-based ligands 
has been made over recent years.
[23,24]
 The flexibility and multiple coordination 
modes of the ligands can result in an array of structural motifs. Jiang and co-workers 
have reported studies involving the tridentate IDA (iminodiacetate) and ODA 
(oxydiacetate) ligands.
[25]
 Structural studies reveal the formation of monometallic 
and dimetallic uranyl compounds, where the ligands display variable denticity.
[25] 
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Polydentate aza-aromatic bases are widely used in the coordination chemistry of 
transition metals and lanthanides, however little attention has been paid to the 
complexation of 5f elements, despite having a better affinity of An(III) over Ln(III) 
ions with respect to the reprocessing of nuclear waste.
[26]
 Studies by Charushnikova 
and by Ephritikhine have demonstrated the isolation of numerous {UO2}
2+
 
compounds, including mono- and bimetallic compounds, which incorporate the 
tridentate terpyridine ligand.
[27,28]
 Ephritikhine and co-workers have undertaken 
similar {UO2}
2+
 studies with the tridentate Rbtp ligand (Rbtp = 2,6-bis(5,6-dialkyl-
1,2,4-triazin-3-yl)pyridine) (Figure 1.12).
[29]
 Rbtp is one of the most efficient 
extractants for An(III)/Ln(III) separation, however studies of the {UO2}
2+
 complexes 
allow a fundamental understanding of the bonding characteristics of the Rbtp ligand 
to be attained.
[30] 
 
 
 
 
Figure 1.12 Diagrammatic representation of Rbtp (left) and an ORTEP plot of 
[UO2(OTf)2(Mebtp)] (right), note: (OTf = CF3SO3
-
).
[29]
 
 
 
1.6.3 Uranyl(VI) Complexes with Tetradentate Ligands 
Tetradentate Schiff base ligands can be prepared with relative synthetic ease, 
allowing for subtle changes in the metal binding cavity to be made for specific 
actinyl ions. For these reasons, there are numerous uranyl complexes containing 
tetradentate Schiff base ligands reported in the literature. 
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Tetradentate Schiff base ligands allow chelation of {UO2}
2+
 within the N2O2 cavity 
of the ligand. The typical pentacoordinate geometry in the {UO2}
2+
 equatorial plane 
leaves a site open for a monodentate ligand to bind, which is often a solvent 
molecule.
[21,31-34]
 The most widely studied uranyl Schiff base complexes contain 
either the tetradentate salen
2-
 or salophen
2-
 Schiff base ligands (salen
2-
 = N,N’- disalicylidene-1,2-ethylenediaminate, salophen2-= N,N’-disalicylidene- 
1,2-phenylenediaminate), or functionalised versions of these ligands (Figure 
1.13).
[34]
  
 
Figure 1.13 ORTEP plot of [UO2(salophen)(DMSO)].
[35]
 
 
The bound monodentate ligand in these complexes is labile and readily undergoes 
ligand exchange by an additional ligand. Desolvation of [UO2(salophen)(DMSO)] 
(Figure 1.13) can result in the formation of a dimetallic {UO2}
2+
 species 
[UO2(salophen)]2, where two [UO2(salophen)] units are linked by the formation of 
an phenoxy bridge (Figure 1.14).
[35,36]
 The rate of ligand exchange can typically be 
observed using NMR techniques.
[35,37] 
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Figure 1.14 ORTEP plot of [UO2(salophen)]2.
[35]
  
 
The lability of the equatorially bound monodentate ligand has resulted in {UO2}
2+
 
complexes containing either salen
2-
 or salophen
2-
 finding numerous potential 
applications including as catalysts,
[38-40]
 sensors
[41,42]
 or electrodes.
[43]
 
 
A tetradentate aza-aromatic ligand system, CyMe4Btbp (CyMe4Btbp = 6,6‟-bis-
(3,3,6,6-tetramethyl-cyclohexane-1,2,4-triazin-3-yl)-2,2‟-bipyridine), has been 
studied by Berthet and co-workers for potential uses as an extractant. Solid state 
structures of mono- and bimetallic compounds have been elucidated. Recent 
structural and thermodynamic studies of [UO2(CyMe4Btbp)(py)][OTf]2 have been 
made and indicate that [UO2(CyMe4Btbp)(py)][OTf]2 readily undergoes ligand 
exchange in pyridine yielding [UO2(OTf)2(py)3] and CyMe4Btbp.
[44,45]
 
 
 
1.6.4 Uranyl(VI) Complexes with Macrocylic Ligands 
Porphyrins, expanded porphyrins and pyrrole-based macrocycles have been 
suggested as possible radioisotope extractants, and uranyl coordination with these 
ligands has been widely studied.
[35,46,47]
 The binding of actinyl ions requires the 
correct size of cavity to allow the actinyl ion to occupy a position within the binding 
cavity of the ligand, hence forming an inclusion complex.
[48]
 Sessler and co-workers 
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have reported that an expanded porphyrin, [24]hexaphyrin(1.0.1.0.0.0) (Figure 1.15), 
was able to bind to {UO2}
2+
 and {NpO2}
+
 cations, forming inclusion complexes.
[49] 
 
 
 
Figure 1.15 Diagrammatic representation of [24]hexaphyrin(1.0.1.0.0.0).
[49]
 
 
More recently, a polypyrrolic macrocycle containing two binding cavities has been 
prepared,
[50] 
 and has shown unique coordination properties, adopting a “Pac-man” 
topology in the solid state, caused by the bending of the pyrrolic rings in the ligand. 
The versatility of this ligand is evident in isolated monometallic examples of 
{UO2}
2+
, {UO2}
+
, Np(III) and transition metal complexes and heterobimetallic 
complexes (Figure 1.16).
[50-53] 
 
 
Figure 1.16 “Pac-man” structure depicting the interaction between uranyl and 
transition metal ions.
[54]
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Crown-ether ligands have been been studied as possible extractants for nuclear waste 
reprocessing,
[55]
 in some cases being able to separate Pu(IV) from {UO2}
2+
 more 
effectively than TBP (PUREX process).
[56]
 Very few examples are known where the 
actinide ion is coordinated by one or more donor atoms of the crown ether.
[55]
 To 
date, there are only two examples where the {UO2}
2+ 
ion is completely encapsulated 
by the ligand, forming an inclusion complex.
[57]
 It has been suggested that the 
synthesis of inclusion complexes with {UO2}
2+
 ions and crown ether ligands require: 
weakly coordinating anions (ClO4
-
 or CF3SO3
-
); non-aqueous conditions; correct size 
of binding cavity in the crown-ether; and a weakly coordinating solvent, (e.g. 
acetonitrile).
[55]
 
 
 
1.6.5 Oxo Functionalisation of the Uranyl Ion {UO2}
2+
 
As already highlighted (Section 1.4) the U=O bonds of the {UO2}
2+
 cation are 
chemically inert and are kinetically stable over a wide pH range. As described in 
Section 1.5.1, the Lewis basicity of the U=O group can lead to the formation of 
CCIs.
[16]
 In recent years, there has been more focus on probing the reactivity of the 
axial oxo ligands of {UO2}
2+
 with respect to Lewis acid coordination. 
Raman spectroscopy is a powerful tool in actinyl chemistry as it can be used to probe 
the O=U=O symmetric stretching frequency, ν1. The O=U=O ν1 stretch varies 
depending on the number, and type of ligands bound in the uranyl equatorial plane. 
Coordination of {UO2}
2+
 to strong electron donating ligands can weaken the O=U=O 
ν1 stretch by 30 – 60 cm
-1
 when compared to [UO2(H2O)5]
2+
.
[58,59] 
Sarsfield has suggested that the increased nucleophilicity of the uranyl oxo groups by 
the strongly donating NCN ligands,
[60,61]
  (evident in the O=U=O ν1 stretch 
(803 cm
-1
) for [UO2(NCN)2(THF)]),
[60]
 results in the weakening of the U=O group to 
allow direct coordination to a Lewis acid. This has allowed the isolation of  the 
borane adduct; [UO2(NCN)2{B(C6F5)3}] (Figure 1.17).
[60] 
Since the preparation of 
this compound, Hayton and Wu have reported the borane adduct 
[UO2(
Ar
acnac)2{B(C6F5)3}] (Ar = 3,5-
t
Bu2C6H3).
[62]  
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Figure 1.17 ORTEP representation of [UO2(NCN)2{B(C6F5)3}].
[60] 
 
1.7 Uranyl(V) Coordination Chemistry 
As discussed previously, U, Np, Pu, Am are observed over a range of oxidation 
states (Section 1.3.4). However, {UO2}
+
 is observed only in certain circumstances 
but generally, it is unstable with respect to disproportionation to form U
4+ 
and 
{UO2}
2+
 (Equation 2).
[63]
 
 
2 {UO2}
+
 + 4H
+
          U
4+
 + {UO2}
2+
 + 2 H2O  (Equation 2) 
 
Theoretical calculations have proposed an inner-sphere mechanism where 
disproportionation occurs through the formation of a dimetallic cation-cation 
interaction (CCI) complex, followed by two successive protonations at the axial 
oxygens of the CCI donating uranyl.
[64]
 
 
{UO2}
+
 has been identified as a key intermediate in the bacterial
[65,66] 
and mineral 
mediated
[67]
 reduction of highly soluble {UO2}
2+
 to insoluble U
4+
. The chemical 
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properties of {UO2}
+
 need further study to allow current nuclear remediating 
strategies to be optimised.
[68] 
 
The instability of {UO2}
+ 
with respect to disproportionation means that isolable 
samples are limited. It has been shown that {UO2}
+
 can be observed in concentrated 
carbonate solutions.
[69-71]
 Pure complexes of {UO2}
+
 with Schiff base and 
β-diketonate ligands have been prepared in the solution phase by the electrochemical 
reduction of the corresponding {UO2}
2+ 
precursor.
[21,72,73] 
 
 
The first report of a {UO2}
+
 structure, [UO2(OPPh3)4][OTf] was obtained by the 
serendipitous reduction of a {UO2}
2+
 precursor by Berthet and co-workers.
[74] 
Since 
this discovery, a reproducible synthesis for a {UO2}
+
 starting material has been 
reported by the controlled two electron oxidation of UI3 in py. This yields the 
pentavalent uranyl iodide species {[UO2py5][KI2py2]}n (Figure 1.18), which has 
been utilised by the Berthet
[75]
 and Mazzanti
[76]
 groups. 
 
Figure 1.18 ORTEP representation of a 1-D coordination  polymer, 
{[UO2py5][KI2py2]}n.
[76]
 
 
The coordination polymer in Figure 1.18 has since been used to prepare a range 
isolable {UO2}
+
 compounds,
[22,45,77,78] 
including tetrameric and dimeric derivatives 
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[{UO2(dbm)2}4{K6(py)10]
2+ 
and [UO2(dbm)2K(18-crown-6)]2 (dbm
-
 = dibenzoyl-
methanato), respectively.
[22,77]
 The stability of these compounds with respect to 
disproportionation is sufficient to allow characterisation of the compounds. 
Arnold and co-workers have reported a {UO2}
+ 
compound displaying a “pac-man” 
topology with enhanced stability with respect to disproportionation.
[50]
 This 
compound displays cation-cation interactions (CCIs) between the {UO2}
+
 and 
transition metal cations (Figure 1.19), prepared by the reductive silylation of the 
corresponding {UO2}
2+ 
analogue.
[52]
  
 
 
Figure 1.19 {UO2}
+
 compound displaying cation-cation interactions with transition 
metal cations.
[52]
 
 
The Hayton and Mazzanti groups have isolated {UO2}
+
 compounds by the chemical 
reduction of the corresponding {UO2}
2+
 analogues with CoCp2 or CoCp
*
2 (Cp = 
cyclopentadienyl, Cp
*
 = pentamethylcyclopentadienyl).
[78-80]
  
 
Two routes have been adopted in the synthesis of {UO2}
+
 complexes, either by 
controlled oxidation of UI3, or by the one-electron reduction from the corresponding 
{UO2}
2+
 complexes. In all of these cases the successful isolation of {UO2}
+
 
complexes required strictly anhydrous, inert conditions. 
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It is believed that the prevention of the formation of CCIs is key to stabilising 
{UO2}
+
, by increasing the steric bulk around the metal centre. This is the case for 
studies by Hayton and Ikeda
[21,72,73,79,80] 
but seems to contradict the isolation of the 
{UO2}
+
 coordination polymer (see Figure 1.18), [UO2(OPPh3)4][OTf] and the 
{UO2}
+
 “Pac-man” complex (which contains both a CCI and a bulky ligand).[52,74-76] 
 
It is also likely that rather than preventing the formation of CCIs, the control of 
protonation of the axial uranyl oxo ligands is key to help to stabilise {UO2}
+
. In most 
cases, {UO2}
+
 isolation requires basic media, for example py, DMF and CO3
2-
.
[21,69-
73,75,76]
 These observations suggest two routes which could lead to the formation of 
{UO2}
+
 complexes:- (1) the use of strictly inert conditions with relatively simple 
non-bulky ligands to prevent {UO2}
+
 protonation; (2) the use of bulky ligands which 
can prevent the formation of CCIs. 
 
1.8 Neptunyl Coordination Chemistry 
In aqueous solution, neptunium can exist in a range of oxidation states (+III to +VII). 
The most common oxidation state for neptunium is +V, which is typically in the 
form of the neptunyl cation, {NpO2}
+
. The hexavalent oxidation state of neptunium, 
{NpO2}
2+
, is unstable with respect to reduction to {NpO2}
+
. 
Much of the coordination chemistry of the {NpO2}
+
 cation is dominated by CCIs, 
where the oxo ligands of one {NpO2}
+
 unit are coordinated to the Np centre in 
another neptunyl unit (see Section 1.5.1). This phenomenon is most likely due to 
residual negative charge on the oxo atoms of the {NpO2}
+
 units.
[81,82]
 In contrast, the 
{NpO2}
2+
 cation is a poor CCI donor because the oxo atoms bear some of the 
positive charge.
[81]
 {NpO2}
+
 - {NpO2}
+
 CCIs have been observed in the solid state 
with a range of ligands, for example [(NpO2)2(CH3COO)2(H2O)].CH3CN
[83]
 and 
Na2[(NpO2)2(MoO4)2(H2O)].H2O.
[84]
 These CCI containing compounds can yield 
dimers, or lead to one-, two- or three-dimensional networks being formed.
[85] 
The 
compound [(NpO2)(CH3CONH2)2(NO3)], reported by Krot and co-workers,
[86]
 
produces zig-zag chains of CCIs and illustrates that additional bridging ligands are 
not required to form polymeric chains.
[86]
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The number of structurally isolated {NpO2}
2+ 
compounds is much less than those of 
the {NpO2}
+
, most likely to be due to the tendency of the {NpO2}
2+
 cation to 
undergo reduction to {NpO2}
+
.  This has most recently been the subject of a report 
by Cornet and co-workers where a solution of NpO2Cl2 in THF underwent partial 
reduction, resulting in the isolation of a trimetallic neptunyl(VI/V) cluster, linked 
together by CCIs (Figure 1.20).
[87]
  
 
 
Figure 1.20 ORTEP representation of [{Np
VI
O2Cl2}{Np
V
O2Cl(THF)3}2].
[87] 
 
The physical properties of this trimetallic cluster were probed and magnetism studies 
showed slow relaxation and super-exchange between the metal centres.
[88] 
 
1.9 Aims and Objectives 
As previously discussed in Section 1.7, {UO2}
+ 
is unstable with respect to 
disproportionation. It is currently believed that this occurs through the formation of a 
dimetallic species involving CCIs.
[64]
 There are two main criteria which have been 
suggested to be controlled in order to stabilise {UO2}
+
: (1) the exclusion of H
+
 from 
a system and (2) the prevention of CCI formation.
[89]
 Many of the isolated  {UO2}
+
 
compounds are stable and this is claimed to be due to the inability to form CCIs, 
either due to steric considerations or {UO2}
+
 coordination to non-actinide metal ions.  
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The aim of this research is to focus on the prevention of CCI formation by designing 
and synthesising pentadentate ligand systems with a linear donor atom topology, 
which containing subtle variations in steric hindrance, ligand donor set, and control 
the rigidity of the binding cavity. These will enable the preparation of equatorially 
saturated actinyl complexes that are stable towards ligand exchange and will allow 
an investigation of their electronic, structural and solution properties.  
 
This project will study the redox behaviour and speciation of actinyl complexes 
bearing these multidentate ligand systems. This will lead to an understanding of the 
relationship between ligand environment (e.g. denticity, steric hindrance, donor set 
and rigidity) and actinyl redox properties (e.g. position of the {AnO2}
2+
/{AnO2}
+
 
redox couple, reversibility and effect of solvation). This will lead to an improved 
mechanistic understanding of actinyl disproportionation and will allow a greater 
understanding of actinide redox properties and speciation to be attained. 
 
1.10 References 
[1] N. Kaltsoyannis and P. Scott, The f elements, 1999, Oxford University Press. 
[2] J. J. Katz, G. T. Seaborg and L. R. Morss, The Chemistry of the Actinide 
Elements Second Edition, 1986, J. W. Arrowsmith Ltd., Bristol, UK. 
[3] G. Choppin, J.-O. Liljenzin and J. Rydberg, Radiochemistry and Nuclear 
Chemistry Third Edition, 2002, Butterworth-Heinemann, Woburn, USA. 
[4]
 
H. C. Aspinall, Chemistry of the f-block elements, Advanced chemistry texts 
volume 5, 2001, Gordon and Breach Science Publishers, Singapore. 
[5] http://www.fepc.or.jp/english/library/power_line/detail/02/fig01.gif  
(accessed 23/01/10). 
[6] http://www.world-nuclear.org/info/reactors.html (accessed 23/01/10). 
Chapter 1 - Introduction 
 
55 
 
[7] C. E. Housecroft and A. G. Sharpe, Inorganic Chemistry, 3
rd
 edition, 2008, 
Pearson Education Ltd., Gosport, UK. 
[8] D. L. Clark, The Chemical Complexities of Plutonium, Los Alamos Science, 
2000, 26,364-381. 
[9] C. J. Jones, d- and f-Block Chemistry, 2001, Polestar Wheatons Ltd., Exeter, UK. 
[10] M. J. Sarsfield, R. J. Taylor and C. J. Maher, Radiochim. Acta, 2007, 95, 677-
682. 
[11] W. Runde, The Chemical Interactions of Actinides in the Environment, Los 
Alamos Science, 2000, 26, 392-411. 
[12] F. A. Cotton, G. Wilkinson, C. A. Murillo and M. Bochmann, Advanced 
Inorganic Chemistry, Sixth Edn., 1999, John Wiley & Sons, Inc, USA. 
[13] R. G. Denning, J. C. Green, T. E. Hutchings, C. Dallera, A. Tagliaferri, K. 
Giarda, N. B. Brookes and L. Braicovich, J. Chem. Phys., 2002, 117, 8008-8020. 
[14] R. G. Denning, Struct. Bonding (Berlin), 1992, 79, 215-276. 
[15] R. B. King, Journal of Coordination Chemistry, 2005, 58, 47-53. 
[16] S. Fortier and T. W. Hayton, Coord. Chem. Rev., 2010, 254, 197-214. 
[17] T. E. Albrecht-Schmitt, P. M. Almond and R. E. Sykora, Inorg. Chem., 2003, 
42, 3788-3795. 
[18](a) S. Kannan, M. A. Moody, C. L. Barnes and P. B. Duval, Inorg. Chem., 2006, 
45, 9206-9212; (b) A. D. Sutton, G. H. John, M. J. Sarsfield, J. C. Renshaw, I. May, 
L. R. Martin, A. J. Selvage, D. Collison and M. Helliwell, Inorg. Chem., 2004, 43, 
5480-5482; (c) S. Kannan, N. Rajalakshmi, K. V. Chetty, V. Venugopal and M. G. 
B. Drew, Polyhedron, 2004, 23, 1527-1533; (d) G. H. John, I. May, D. Collison and 
M. Helliwell, Polyhedron, 2004, 23, 3097-3103. 
[19] M. J. Sarsfield, M. Helliwell and J. Raftery, Inorg. Chem., 2004, 43, 3170-3179. 
Chapter 1 - Introduction 
 
56 
 
[20] A. Ekstrom, H. Loeh, C. H. Randall, L. Szego and J. C. Taylor, Inorg. Nucl. 
Chem. Lett., 1978, 14, 301-304; J. C. Taylor, A. Ekstrom and C. H. Randall, Inorg. 
Chem., 1978, 17, 3285-3289. 
[21](a) K. Mizuoka and Y. Ikeda, Radiochim. Acta, 2004, 92, 631-635; (b) K. 
Mizuoka, S. Tsushima, M. Hasegawa, T. Hoshi and Y. Ikeda, Inorg. Chem., 2005, 
44, 6211-6218. 
[22] G. Nocton, P. Horeglad, J. Pecaut and M. Mazzanti, J. Am. Chem. Soc., 2008, 
130, 16633-16645. 
[23] J. Leciejewicz, N. W. Alcock and T. J. Kemp, Struct. Bond., 1995, 82, 43-84. 
[24] L. Cattaline, U. Croatto, S. Degetteo and E. Tondello, Inorg. Chim. Acta, Rev., 
1971, 5, 19-43. 
[25] J. Jiang, M. J. Sarsfield, J. C. Renshaw, F. R. Livens, D. Collison, J. M. 
Charnock, M. Helliwell and H. Eccles, Inorg. Chem., 2002, 41, 2799-2806. 
[26] K. L. Nash, Separation Chemistry for Lanthanides and Trivalent Actinides, 
Handbook on the Physics and Chemistry of Rare earths. Lanthanides/Actinides: 
Chemistry, ed. K. A. Gschneidner, Jr., L. Eyring, G. R. Choppin and G. H. Lander, 
Elsevier Science, Amsterdam, 1994, 18, 197. 
[27](a) I. A. Charushnikova and C. Den Auwer, Koord. Khim., 2004, 30, 511-519; 
(b) I. A. Charushnikova and C. Den Auwer, Koord. Khim., 2007, 33, 53-60. 
[28] J.-C. Berthet, M. Nierlich and M. Ephritikhine, Dalton Trans., 2004, 17, 2814-
2821. 
[29] J.-C. Berthet, P. Thuery, J.-P. Dognon, D. Guillaneux and M. Ephritikhine, 
Inorg. Chem., 2008, 47, 6850-6862. 
[30] J.-C. Berthet, Y. Miquel, P. B. Iveson, M. Nierlich, P. Thuery, C. Madic and M. 
Ephritikhine, J. Chem. Soc. Dalton Trans., 2002, 16, 3265-3272. 
[31] K. Mizuoka, S.–Y. Kim, M. Hasegawa, T. Hoshi, G. Uchiyama and Y. Ikeda, 
Inorg. Chem., 2003, 42, 1031-1038. 
Chapter 1 - Introduction 
 
57 
 
[32] M. Cametti, M. Nissinen, A. D. Cort, L. Mandolini and K. Rissanen, J. Am. 
Chem. Soc., 2005, 127, 3831-3837. 
[33] D. M. Rudkevich, W. Verboom, Z. Brzozka, M. J. Palys, W. P. R. V. 
Stauthamer, G. J. van Hummel, S. M. Franken, S. Harkema, J. F. J. Engbersen and 
D. N. Reinhoudt, J. Am. Chem. Soc., 1994, 116, 4341-4351. 
[34] J. L. Sessler, P. J. Melfi, and G. Dan Pantos, Coord. Chem. Rev., 2006, 250, 
816-843. 
[35] K. Takao and Y. Ikeda, Inorg. Chem., 2007, 46, 1550-1562. 
[36] M. S. Bharara, K. Heflin, S. Tonks, K. L. Strawbridge and A. E. V. Gorden, 
Dalton Trans., 2008, 2966-2973. 
[37] Z. Szabó, T. Toraishi, V. Vallet and I. Grenthe, Coord. Chem. Rev., 2006, 250, 
784-815. 
[38] V. van Axel Castelli, R. Cacciapaglia, G. Chiosis, F. C. J. M. van Veggel, L. 
Mandolini and D. N. Reinhoudt, Inorg. Chim. Acta., 1996, 246, 181-193. 
[39] V. van Axel Castelli, A. Dalla Cort and L. Mandolini, J. Am. Chem. Soc., 1998, 
120, 12688-12689. 
[40] V. van Axel Castelli, A. Dalla Cort, L. Mandolini, D. N. Reinhoudt and L. 
Schiaffino, Eur. J. Org. Chem., 2003, 4, 627-633. 
[41] W. Wroblewski, K. Wojciechowski, A. Dybko, Z. Brzozka, R .J. M. Egberink, 
B. H. M. Snellink-Rüel and D. N. Reinhoudt, Sens. Actuators B, 2001, 78,  315-319. 
[42] W. Wroblewski, K. Wojciechowski, A. Dybko, Z. Brzozka, R. J. M. 
Egberink, B. H. M. Snellink-Rüel and D. N. Reinhoudt, Anal. Chim. Acta, 2001, 
432, 79-88. 
[43] A. C. Ion, M. M. G. Antonisse, B. H. M. Snellink-Rüel and D. N. Reinhoudt, 
Russ. J. Gen. Chem., 2001, 71, 159-161. 
[44] J.-C. Berthet, P. Thuery, M. R. S.  Foreman and M. Ephritikhine, Radiochim. 
Acta, 2008, 96, 189-197. 
Chapter 1 - Introduction 
 
58 
 
[45] J.-C. Berthet, G. Siffridi, P. Thuery and M. Ephritikhine, Dalton Trans., 2009, 
18, 3478-3494. 
[46] J. L. Sessler, A. E. Vivian, D. Seidel, A. K. Burrell, M. Hoehner, T. D. Mody, 
A. Gebauer, S. J. Weghorn and V. Lynch, Coord. Chem. Rev., 2001, 216, 411-434. 
[47] J. L. Sessler, A. E. V. Gorden, D. Seidel, S. Hannah, P. L. Gordon, R. J. 
Donohoe, C. D. Tait and D. W. Keogh, Inorg. Chim. Acta, 2002, 341, 54-70. 
[48] P. Thuery, C. Villiers, J. Jaud, M. Ephritikhine and B. Masci, J. Am. Chem. 
Soc., 2004, 126, 6838-6839. 
[49] J. L. Sessler, D. Seidel, A. E. Vivian, V. Lynch, B. L. Scott and D. W. Keogh, 
Angew. Chem. Int. Ed., 2001, 40, 591-594. 
[50] G. Givija, A. J. Blake, C. Wilson, M. Schrӧder and J. B. Love, Chem. Commun., 
2003, 2508-2509. 
[51] P. L. Arnold, A. J. Blake, C. Wilson and J. B. Love, Inorg. Chem., 2004, 43, 
8206-8208. 
[52] P. L. Arnold, D. Patel, C. Wilson and J. B. Love, Nature, 2008, 451, 315-317. 
[53] P. L. Arnold, N. A. Potter, N. Magnani, C. Apostolidis, J.-C. Griveau, E. 
Colineau, A. Morgenstern, R. Caciuffo and J. B. Love, Inorg. Chem., 2010, 49, 
5341-5343. 
[54] P. L. Arnold, D. Patel, A. J. Blake, C. Wilson and J. B. Love, J. Am. Chem. 
Soc., 2006, 128, 9610-9611. 
[55] P. Thuery, N. Keller, M. Lance, J. D. Vigner and M. Nierlich, New J. Chem., 
1995, 19, 619-625. 
[56] D. A. Orth and T. W. Olcott, Nucl. Sci. Engin., 1963, 17, 593. 
[57](a) A. Dejean, P. Charpin, G. Folcher, P. Rigny, A. Navaza and G. Tsoucaris, 
Polyhedron, 1987, 6, 189-195; (b) A. Navaza, F. Villain and P. Charpin, Polyhedron, 
1984, 3, 143-149; (c) L. Deshayes, N. Keller, M. Lance, A. Navaza, M. Nierlich and 
J. Vigner, Polyhedron, 1994, 13, 1725-1733. 
Chapter 1 - Introduction 
 
59 
 
[58] C. Nguyen Trung, G. M. Begun and D. A. Palmer, Inorg. Chem., 1992, 31, 
5280–5287. 
[59] S. P. McGlynn, J. K. Smith and W. C. Neely, J. Chem. Phys., 1961, 35, 105–
116. 
[60] M. J. Sarsfield and M. Helliwell, J. Am. Chem. Soc., 2004, 126, 1036–1037. 
[61] S. Fortier and T. W. Hayton, Coord. Chem. Rev., 2010, 254, 197-214. 
[62] T. W. Hayton and G. Wu, Inorg. Chem., 2009, 48, 3065-3072. 
[63] A. Ekstrom, Inorg. Chem., 1974, 13, 2237-2241. 
[64] H. Steele and R. J. Taylor, Inorg. Chem., 2007, 46, 6311-6318. 
[65] D. R. Lovley, E. J. P. Phillips, Y. A. Gordy and E. R. Landa, Nature, 1991, 350, 
413-416. 
[66] J. C. Renshaw,  L. J. C. Butchins, F. R. Livens, I. May, J. M. Charnock and J. R. 
Lloyd, Environ. Sci. Technol., 2005, 39, 5657-5660. 
[67] E. S. Ilton, A. Haiduc, C. L. Cahill and A. R. Felmy, Inorg. Chem., 2005, 44, 
2986-2988. 
[68] D. E. Morris, Inorg. Chem., 2002, 41, 3542-3547. 
[69] A. Ikeda, C. Hennig, S. Tsushima, K. Takao, Y. Ikeda, A. C. Scheinost and G. 
Bernhard, Inorg. Chem., 2007, 46, 4212-4219. 
[70] T. I. Docrat, J. F. W. Mosselmans, J. M. Charnock, M. W. Whiteley, D. 
Collison, F. R. Livens, C. Jones and M. J. Edmiston, Inorg. Chem., 1999, 38, 1879–
1882. 
[71] D. L. Clark, D. E. Hobart and M. P. Neu, Chem. Rev., 1995, 95, 25–48. 
[72] S.-Y. Kim, H. Tomiyasu and Y. Ikeda, J. Nucl. Sci. Technol., 2002, 39, 160–
165. 
Chapter 1 - Introduction 
 
60 
 
[73] K. Mizuoka, S.-Y. Kim, M. Hasegawa, T. Hoshi, G. Uchiyama and Y. Ikeda, 
Inorg. Chem., 2003, 42, 1031–1038. 
[74] J.-C. Berthet, M. Nierlich and M. Ephritikhine,  Angew. Chem., Int. Ed., 2003, 
42, 1952–1954. 
[75] J.-C. Berthet, G. Siffredi, P. Thuéry and M. Ephritikhine, Chem. Commun., 
2006, 3184–3186. 
[76] L. Natrajan, F. Burdet, J. Pécaut and M. Mazzanti, J. Am. Chem. Soc., 2006, 
128, 7152–7153. 
[77] F. Burdet, J. Pécaut and M. Mazzanti, J. Am. Chem. Soc., 2006, 128, 16512-
16513. 
[78] G. Nocton, P. Horeglad, V. Vetere, J. Pécaut, L. Dubois, P. Maldivi, N. M. 
Edelstein and M. Mazzanti, J. Am. Chem. Soc., 2010, 132, 495-508. 
[79] T. W. Hayton and G. Wu, J. Am. Chem. Soc., 2008, 130, 2005-2014. 
[80] T. W. Hayton and G. Wu, J. Am. Chem. Soc., 2008, 47, 7415-7423. 
[81] A. Cousson, S. Dabos, H. Abazli, F. Nectoux, M. Pagès and G. Choppin, J. 
Less-Common Met., 1984, 99, 233-240. 
[82] T. E. Albrecht-Schmitt, P. M. Almond and R. E. Sykora, Inorg. Chem., 2003, 
43, 3788-3795. 
[83] I. A. Charushnikova, V. P. Perminov and S. B. Katser, Radiokhimiya, 1995, 37, 
493-498. 
[84] M. S. Grigoriev, N. A. Baturin, A. M. Fedoseev and N. A. Budantseva, Russ. J. 
Coord. Chem., 1994, 20, 552-556. 
[85] N. N. Krot and M. S. Grigoriev, Russ. Chem. Rev., 2004, 73, 89-100. 
[86] G. B Andreev, N. A. Budantseva, M. Y. Antipin and N. N. Krot, Russ. J. Coord. 
Chem., 2002, 28, 434-438. 
Chapter 1 - Introduction 
 
61 
 
[87] S. M. Cornet, L. J. L. Häller, M. J. Sarsfield, D. Collison, M. Helliwell, I. May 
and N. Kaltsoyannis, Chem. Commun., 2009, 917-919. 
[88] N. Magnani, E. Colineau, R. Eloirdi, J.-C. Griveau, R. Caciuffo, S. M. Cornet, I. 
May, C. A. Sharrad, D. Collison and R. E. P. Winpenny, Physical Review Letters, 
2010, 104, 197202/1-197202/4. 
[89]
 
K. Takao, M. Kato, S. Takao, A. Nagasawa, G. Bernhard, C. Hennig and Y. 
Ikeda, Inorg. Chem., 2010, 49, 2349-2359. 
 
 Chapter 2 - Experimental 
 
62 
 
 
 
 
 
 
Chapter 2 
General Experimental Techniques 
 Chapter 2 - Experimental 
 
63 
 
2.1 Origin and Purity of Chemicals 
The following is a list of chemicals purchased from commercial suppliers and unless 
stated in the relevant chapters, used without further purification in this work. 
 
General 
Acetone, Sigma Aldrich, laboratory reagent grade, 99 %. 
Acetonitrile, Fisher Scientific, HPLC grade, 99.6 %. 
2-Aminothiophenol, Sigma Aldrich, 90 %. 
4,4‟-Bipyridine, Sigma Aldrich, 98 %. 
2-Bromoethylamine hydrobromide, Sigma Aldrich, 99 %. 
n-Butyllithium, 1.6 M in hexane, Alfa Aesar. 
Celite S, Sigma Aldrich. 
Chloroform, Sigma Aldrich, 99 %. 
Chloroform-d1 (CDCl3), Aldrich, 99.8 atom % D. 
2,6-Dibromopyridine, Alfa Aesar, 98 %. 
Dichloromethane, Sigma Aldrich, ACS reagent, 99.5 %. 
Dichloromethane-d2 (CD2Cl2), Cambridge Isotope Laboratories, 99.9 atom % D. 
4-(Diethylamino)salicylaldehyde, Sigma Aldrich, 98 %. 
Diethylenetriamine, Sigma Aldrich, ReagentPlus, 99 %. 
Diethyl ether, Sigma Aldrich, Puriss, 99.5 %. 
1,2-Dimethoxyethane, Sigma Aldrich, ReagentPlus, 99 %. 
N,N-Dimethylformamide, Sigma Aldrich, ACS reagent, 99.8 %. 
N,N-Dimethylformamide-d7 ((CD3)2NCOD), Sigma Aldrich, 99.9 atom % D. 
Dimethylsulfoxide, Fisher Scientific, laboratory reagent grade, 99 %. 
Dimethylsulfoxide-d6 ((CD3)2SO), Cambridge Isotope Laboratories, 99.9 atom % D. 
Ethanol (absolute), Sigma Aldrich, analytical reagent grade, 99.8 %. 
Ethyl acetate, Sigma Aldrich, analytical reagent grade, 99.5 %. 
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1-Fluoro-2-nitrobenzene, Sigma Aldrich, 99 %. 
Hexane, Fisher Scientific, HPLC grade, 95 %. 
Hydrazine hydrate (50 – 60 %), Sigma Aldrich, laboratory reagent grade. 
Hydrochloric acid, Fisher Scientific, laboratory reagent grade, 36 %. 
2-Hydroxyphenylboronic acid, Fluorochem, 99 %. 
Magnesium sulfate (anhydrous), Sigma Aldrich, laboratory reagent grade, 97 %.  
Methanol, Sigma Aldrich, Puriss, 99.8 %. 
Nitric acid, Fisher Scientific, laboratory reagent grade, 70 %. 
Palladium on activated charcoal, Sigma Aldrich, Puriss, 10 % Pd loading. 
Perchloric acid, Sigma Aldrich, ACS reagent, 60 %. 
Perrhenic acid, Sigma Aldrich, 65-70 wt. % in water, 99.99 %. 
Phosphorus trichloride, Sigma Aldrich, ReagentPlus, 99 %.  
Potassium carbonate, BDH, Analar grade, 99 %. 
Potassium hydroxide, Fisher Scientific, analytical reagent grade, pellets, 86 %. 
Pyridine, Fluka, Purum grade, 99 %. 
Pyridine-d5 (C5D5N), CEA, 99.5 atom % D. 
2,6-Pyridinedicarbonitrile, Sigma Aldrich, 97 %. 
4-Pyridinylboronic acid, Sigma Aldrich, 90 %. 
Silica gel, Merck, 0.015 – 0.040 mm. 
Sodium hydroxide, Fisher Scientific, pellets, SpeciFied, 97 %. 
Sodium sulfate (anhydrous), Sigma Aldrich, ACS reagent, 99 %. 
Sodium sulfide nonahydrate, Sigma Aldrich, 98 %. 
Tetrabutylammonium hexafluorophosphate, Sigma Aldrich, electrochemical grade, 
99 %. 
Tetrabutylammonium bis-trifluoromethanesulfonimidate, Sigma Aldrich, 98 %. 
Tetrahydrofuran, Fisher Scientific, laboratory reagent grade, 99 %. 
Tetrakis(triphenylphosphine) palladium(0), Apollo Scientific, 99 %. 
Thionyl chloride, Fisher Scientific, 99.5 %. 
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Toluene, Sigma Aldrich, Puriss grade, 99.7 %. 
Triethylamine, BDH, laboratory grade, 98 %. 
Trifluoromethanesulfonimide, Sigma Aldrich, 95 %. 
 
Actinides 
Uranium trioxide, UO3, Centre for Radiochemistry Research (CRR) isotopes store. 
Caution! Uranium containing compounds are radioactive. 
Uranyl nitrate hexahydrate, {UO2(NO3)2.6H2O}, Centre for Radiochemistry 
Research (CRR) isotopes store. Caution! Uranium containing compounds are 
radioactive. 
237
Neptunium (V) in 4.0 M nitric acid solution, Centre for Radiochemistry Research 
(CRR) isotopes store. Caution! 
237
Np is a high specific activity alpha-emitter, the 
possession and use of which is subject to statutory controls. 
 
2.2 Preparation of Uranyl Starting Materials 
2.2.1 Preparation of Uranyl bis(trifluoromethane)sulfonimide; 
UO2(TFSI)2.xH2O 
The preparation of the title compound was achieved following the method adopted 
by Bhatt.
[1] 
UO3 (0.50 g, 1.75 mmol) was dissolved in a solution of trifluoromethane 
sulfonimide (0.98 g, 3.50 mmol) in deoxygenated water (5 mL) over several hours 
with stirring. The yellow solution was evaporated to dryness in vacuo over several 
days yielding a hygroscopic yellow solid, which was used immediately in 
subsequent reactions. 
 
2.2.2 Preparation of Uranyl Perrhenate; UO2(ReO4)2.xH2O 
The preparation of the title compound was achieved following an adapted method by 
John.
[2]
 UO3 (0.05 g, 0.175 mmol) was dissolved in a solution of HReO4 (0.06 mL, 
0.350 mmol) in deionised water (2 mL) over several hours with stirring. The yellow 
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solution was evaporated to dryness in vacuo over several days, producing a yellow 
hygroscopic solid, which was used immediately in subsequent reactions. 
 
2.3 Experimental Methods 
2.3.1 Single Crystal X-Ray Diffraction 
Single crystal analysis was performed on either a Bruker Apex  platform CCD area 
diffractometer or on an Oxford Diffraction Crysalis CCD diffractometer at 100 K 
using Mo-Kα radiation (λ = 0.71073 Å). Structures were solved  by direct methods 
using either SHELXS97 or SIR92 and refined using SHELXL97.
[3-5]
 All non-
hydrogen atoms not exhibiting disorder were refined anisotropically, while hydrogen 
atoms were included in calculated positions. All presented ORTEP plots show 
probability ellipsoids of 50 %.
[6] 
 
Specific parameters relating to each structure are given in subsequent chapters and 
CIF files are included on the accompanying compact disc. Crystallographic 
measurements and subsequent data manipulation was carried out with the assistance 
of Dr Madeleine Helliwell and Dr Chris Muryn of the School of Chemistry, the 
University of Manchester, and Dr Clint Sharrad of the Centre for Radiochemistry 
Research (CRR), the University of Manchester. 
 
2.3.2 Multinuclear NMR Spectroscopy 
1
H, 
13
C{
1
H} and NMR experiments were recorded at the Centre for Radiochemistry 
Research (CRR), the University of Manchester, using a Bruker Advance 400 MHz 
spectrometer. 
1
H and 
13
C{
1
H} NMR spectra were measured at 400.13 MHz and 
100.62 MHz, respectively and are referenced to external SiMe4 at 0 ppm using the 
residual protio solvent peaks as internal standards (
1
H) or the characteristic 
resonances of the solvent nuclei (
13
C). 
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2.3.3 Vibrational Spectroscopy 
Raman and infrared spectroscopy experiments were performed on a Bruker Equinox 
FTIR/Raman spectrometer equipped with a “Golden Gate” ATR (Attenuated Total 
Reflectance) attachment (resolution 4 cm
-1
). Solid state Raman spectra were 
recorded by preparing each sample as a compressed solid into an aluminium cell and 
subjected to the laser radiation (100 – 500 mW) for up to 8 hours. 
 
2.3.4 UV-vis-nIR Electronic Absorption Spectroscopy 
Solution UV-vis spectra of uranium samples were recorded on a double-beam Cary 
Varian 500 scan UV-vis-nIR spectrophotometer. Solution UV-vis and nIR spectra of 
neptunium samples were recorded on an Avantes Avaspec-2048-2 UV-vis 
spectrometer and an Avantes Avaspec-NIR256-1.7 nIR spectrometer using an 
Avalight DH-S deuterium-halogen light source and an Ocean Optics CUV-UV 
cuvette holder. The relevant solvents were used as references for each sample. 
 
2.3.5 Elemental Analysis 
Elemental analyses were performed by Mr Martin Jennings and colleagues in the 
microanalytical laboratory in the School of Chemistry at the University of 
Manchester. A Carlo ERBA Instruments CHNS-O EA1108 elemental analyser was 
used for C, H, N and S analyses and a Fisons Horizon elemental analysis ICP-OES 
spectrometer for U and halide analyses. 
 
2.3.6 Mass Spectrometry 
Electrospray Ionisation mass spectra (ESI-MS) were performed on inactive samples 
by Mrs Val Boote and Mr Gareth Smith of the mass spectrometry laboratory at the 
University of Manchester using a Micromass Platform spectrometer. 
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2.3.7 Electrochemistry 
Electrochemical measurements were recorded using a PAR EG&G 263A 
potentiostat operated by model 250 Research Electrochemistry Software (M270), 
version 4.41. For cyclic voltammetry, a conventional 3-electrode cell was utilised 
comprising of a platinum working electrode, a platinum wire counter electrode and a 
silver wire quasi reference electrode. Electrochemical samples (5 mM) were 
prepared using a suitable electrolyte, in most cases tetrabutylammonium 
hexafluorophosphate (0.1 M). Electrochemical solutions were prepared and degassed 
with N2 for 10 minutes prior to measurements being taken and are reported 
referenced internally to the ferrocinium/ferrocene redox couple. 
 
2.4 Handling of Radioactive Materials 
2.4.1 General 
Research using radioactive material was carried out in accordance with radiological 
safety precautions and local rules in place by the Radiological Protection Service at 
the University of Manchester. All the work was carried out at the Centre for 
Radiochemistry Research (CRR) laboratories where the use of all radioisotopes and 
subsequent waste disposal was governed by rigorous accountancy procedures. At the 
CRR, the laboratories with the controlled area are separated by a barrier room, which 
provides a physical barrier where shoes are changed prior to entry into the controlled 
area. In addition to wearing a lab coat and safety glasses, a film badge was worn at 
all times to record any dose obtained whilst working in the laboratories. Before 
leaving a controlled area and changing shoes, hands had to be washed and 
thoroughly dried before careful personal monitoring to eliminate contamination. 
Uranium-containing powders and solutions were always handled in a well ventilated 
fume hood or in a positive pressure argon filled Saffron glove box. A dust mask was 
worn when weighing out powdered uranium samples and a balance equipped with a 
Perspex surround was utilised. The laboratories are subjected to a weekly monitoring 
to check for any contamination. The use of radioactive isotopes whilst conducting an 
experiment was covered by an appropriate protocol, listing the experimental method, 
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radioisotopes used, assessment of dose, COSHH assessment and emergency 
contingency plans. 
 
2.4.2 Radioisotopes 
The radioactive hazards of the isotopes involved in this work are described in Table 
2.1.
[7] 
Isotope Half-Life Specific Activity Radiation Energy (MeV) 
 
(Years) (Bq g
-1
) Alpha (α) Beta (β) Gamma (γ) 
238
U 4.5 x 10
9 
12400 4.2 0.010 0.0014 
237
Np 2.1 x 10
6 
2.61 x 10
7
 4.8 0.070 0.0350 
Table 2.1 Radioactive decay data for radioisotopes used in this thesis. 
 
2.4.2.1 Uranium-238 
238
U poses no external hazards, it is however an α-particle emitter, which is strongly 
ionising and therefore provides a significant internal hazard. It is important to 
prevent the inhalation or ingestion by wearing gloves, and a face mask when 
uranium-containing solids were handled outside of the fume hood. Regular 
monitoring and changing of gloves was required to prevent any contamination and 
the possibility of forming airborne  dusts. Uranium-containing samples that were 
transported outside of the controlled area, such as for microanalysis and single 
crystal XRD were subject to dose assessments detailed within the experimental 
protocol. All samples were doubly contained and clearly labelled with yellow 
radioactive tape. 
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2.4.2.2 Neptunium-237 
237
Np has a much larger specific activity than 
238
U and therefore poses a serious 
external radiation hazard and serious internal hazard. All manipulations involving 
237Np were restricted to a designated neptunium fume hood in the “hot lab” in the 
CRR. Throughout the duration of the experiments two people were always present 
with continual swabbing and monitoring taking place of hands and equipment which 
had been in contact with 
237
Np. All apparatus used in the manipulations were 
decontaminated with nitric acid followed by washing with Decon. The amount of 
237
Np in the designated fume hood was kept to a minimum, 25 mg of 
237
Np was the 
maximum which could be manipulated at any one time. 
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3.1 Introduction 
As discussed in Chapter 1, the uranyl cation {UO2}
2+
 is the most stable form of 
uranium in both aqueous solutions and in organic solvents. The coordination of 
additional ligands (between 4 and 6) occurs around the equatorial plane, with five 
donors being the most commonly observed. The coordination chemistry of {UO2}
2+
 
with tetradentate Schiff base ligands has been widely studied (Section 1.5.3). These 
typically require an additional monodentate ligand to bind in the equatorial plane, 
which can readily undergo ligand exchange. 
 
In contrast to the vast selection of {UO2}
2+
 complexes containing tetradentate Schiff 
base ligands, the analogous pentadentate ligands have received very little attention. 
The limited reports of {UO2}
2+
 complexes with pentadentate ligands containing an 
N3O2 coordination environment, mostly rely on solid state characterisation.
[1-3]
 
However, more recently the solution behaviour of one of these systems has been 
reported.
[4]
 The preparation of N3O2 pentadentate ligands may be synthetically more 
challenging than their tetradentate analogues, however, these ligands should be ideal 
to saturate {UO2}
2+
 in the equatorial plane, whilst preventing any ligand exchange.  
 
This chapter presents a study of {UO2}
2+
 complexes with pentadentate ligands, 
which contain N3O2 binding cavities, as presented in Figure 3.1. The ligands have 
been designed with varying rigidity of the ligand backbone. The synthesis, 
characterisation and an extensive study of the solution behaviour of the resulting 
{UO2}
2+ 
complexes are reported. 
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Figure 3.1 Pentadentate N3O2 pro-ligands reported in this chapter. 
 
3.2 Ligand Synthesis and Characterisation 
3.2.1 Synthesis of N,N’-bis((4-diethylamino)salicylidene)diethylenetriamine – 
saldien
(Et2N)2H2 
The synthesis of saldien
(Et2N)2H2 was achieved following a standard Schiff base 
condensation reaction between diethylenetriamine and 4-(diethylamino)-
salicylaldehyde. 
4-(Diethylamino)salicylaldehyde (2.28 g, 11.8 mmol) and diethylenetriamine 
(0.61 g, 5.9 mmol) were dissolved in methanol (20 mL) and heated at reflux, with 
vigorous stirring, for 2 h. After cooling, the solvent was removed in vacuo. The 
residue was dissolved in dichloromethane (5 mL), filtered and concentrated in vacuo 
to give a brown oil (2.05 g, 76 %). 
saldien
(Et2N)2H2 saldamp
(Et2N)2H2 
 
salterpyH2 
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1
H NMR (400 MHz, CD2Cl2) δH: 1.15 (t, 12H, CH3, J = 7.2 Hz,); 2.98 (t, 4H, CH2, 
J = 6.0 Hz); 3.35 (q, 8H, CH2, J = 7.2 Hz); 3.65 (t, 4H, CH2, J = 6.0 Hz); 6.02 (d, 
2H, Ph-H, J = 2.4 Hz); 6.13 (dd, 2H, Ph-H, J = 8.8 Hz, J = 2.4 Hz); 6.96 (d, 2H, 
Ph-H, J = 8.8 Hz); 8.03 (s, 2H, N=CH); 13.67 (s, 2H, OH) ppm. 
13
C NMR 
(100 MHz, CD2Cl2) δC: 13.0 (CH3); 45.0 (CH2); 45.4, 50.2 (CH2); 96.9, 103.6 
(Ph-H); 108.6 (Ph); 135.8 (Ph-H); 152.3 (Ph); 164.2 (C=N); 165.0 (Ph-OH) ppm. IR 
spectrum (ATR, cm
-1
): 1600 (s, C=N); 1515 (s, C=C). ESI-MS (+ve ion) m/z = 454 
(M + H
+
). UV-vis spectrum (CH2Cl2): λmax = 337 nm (εmax = 45000 M
-1
 cm
-1
). 
 
3.2.2 Synthesis of N,N’-bis((4-(diethylamino)salicylidene)diaminomethyl 
pyridine – saldamp(Et2N)2H2 
The synthesis of saldamp
(Et2N)2H2 was achieved by a Schiff base condensation 
reaction between 2,6-bis(aminomethyl) pyridine and 4-(diethylamino)-
salicylaldehyde. 2,6-bis(Aminomethyl) pyridine was prepared by hydrogenation of 
2,6-pyridine dicarbonitrile using a Thalesnano H-Cube
® 
with a Pd/C catalyst (10 % 
Pd loading). 
4-(Diethylamino)salicylaldehyde (0.60 g, 3.10 mmol) and 2,6-bis(aminomethyl) 
pyridine (0.20 g, 1.55 mmol) were dissolved in methanol (40 mL) and heated at 
reflux, with vigorous stirring, for 2 h. After cooling the solvent was removed in 
vacuo. The residue was dissolved in dichloromethane (5 mL), filtered, and 
concentrated in vacuo to give a brown oil (0.62 g, 83 %). 
1
H NMR (400 MHz, CD2Cl2) δH: 1.18 (t, 12H, CH3, J = 7.2 Hz); 3.38 (q, 8H, CH2, 
J = 7.2 Hz); 4.80 (s, 4H, CH2); 6.12 (d, 2H, Ph-H, J = 2.4 Hz); 6.21 (dd, 2H, Ph-H, 
J = 8.8 Hz, J = 2.4 Hz); 7.08 (d, 2H, Ph-H, J = 8.8 Hz); 7.22 (d, 2H, Ph(py)-H, 
J = 8.0 Hz); 7.66 (t, 1H, Ph(py)-H, J = 8.0 Hz); 8.28 (s, 2H, N=CH); 13.55 (s, 2H, 
OH) ppm. 
13
C NMR (100 MHz, CD2Cl2) δC: 13.0 (CH3); 45.0 (CH2); 64.6 (CH2); 
98.2, 103.7 (Ph-H); 108.9 (Ph); 120.6, 133.5, 137.9 (Ph-H); 151.9, 159.2 (Ph); 164.7 
(C=N); 165.9 (Ph-OH) ppm. IR spectrum (ATR, cm
-1
): 1613 (s, C=N); 1574 (w, 
C=C); 1521 (s, C=C); 1483 (w, C=C); 1456 (m, C=C); 1423 (m, C=C). ESI-MS (+ve 
ion) m/z = 488 (M + H
+
). UV-vis spectrum (CH2Cl2): λmax = 343 nm 
(εmax = 74200 M
-1
 cm
-1
). 
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3.2.3 Synthesis of 6,6’’-bis(2-hydroxyphenyl)-2,2’:6’,2’’-terpyridine – 
salterpyH2 
The synthesis of the title compound was prepared via a palladium catalysed Suzuki 
coupling reaction between 6,6‟‟-dibromo-2,2‟:6‟,2‟‟-terpyridine and 
2-hydroxyphenyl boronic acid.
[5]
 A preparation for the synthesis of salterpyH2 has 
been reported by Ward and co-workers,
 
and involves a relatively low yielding 
(< 5 %), multi-step synthesis.
[6]
 By utilising the procedure described below, it has 
been possible to prepare salterpyH2 with relative synthetic ease via a single-step 
synthesis.  6,6‟‟-Dibromo-2,2‟:6‟,2‟‟-terpyridine was prepared following a reported 
synthesis.
[7] 
The reaction scheme is illustrated below in Scheme 3.1. 
 
 
Scheme 3.1 Synthesis of 6,6‟‟-bis(2-hydroxyphenyl)-2,2‟:6‟,2‟‟-terpyridine – 
salterpyH2. 
 
A mixture of 6,6‟‟-dibromo-2,2‟:6‟,2‟‟-terpyridine (0.50 g, 1.28 mmol), 
2-hydroxyphenyl boronic acid (0.352 g, 2.56 mmol) and potassium carbonate 
(0.55 g, 3.98 mmol) were dissolved in a mixture of 1,2-dimethoxyethane/water 
(28 mL/3 mL) and degassed with argon. Tetrakis(triphenylphosphine) palladium(0) 
(0.10 g, 0.08 mmol) was added and the mixture heated to 80
 
°C for 18 h under argon. 
After cooling, the mixture was diluted with ethyl acetate/water (15 mL/15 mL) and 
6, 6-Dibromo-2, 2‟:6‟, 2‟‟-terpyridine SalterpyH2 
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the organic phase was separated, dried over magnesium sulfate, filtered and dried in 
vacuo. A cream solid was isolated which was washed with acetone (2 mL) and dried 
in vacuo (0.26 g, 48 %). 
Analysis: Calcd for [C27H19N3O2].H2O: C: 74.45; H: 4.86; N: 9.65 %. Found: 
C: 73.57; H: 4.30; N: 9.31 %. 
1
H NMR (400 MHz, CDCl3): δH: 6.98 (dt, 2H, Ph-H, 
J = 7.2, 1.2 Hz); 7.10 (dd, 2H, Ph-H, J = 8.0, 0.8 Hz); 7.37 (dt, 2H, Ph-H, J = 7.8, 
1.6 Hz); 7.89 (dd, 2H, Ph-H, J = 8.0, 1.2 Hz); 8.00 – 8.09 (m, 5H, Ph(py)-H); 8.28 (d, 
2H, Ph(py)-H, J = 7.6 Hz); 8.52 (dd, 2H, Ph(py)-H, J = 7.6, 1.2 Hz); 14.65 (s, 2H, OH) 
ppm. 
13
C NMR (100 MHz, CDCl3): δC: 118.6, 119.0, 119.5, 119.6, 121.1, 126.5, 
131.7, 138.8, 138.9 (Ph-H); 119.0, 153.0, 154.3, 157.5 (Ph); 159.9 (Ph-OH) ppm. 
Raman spectrum (solid state, cm
-1
): 1601 (m, C=N); 1571 (m, C=C); 1481 (m, C=C). 
IR spectrum (ATR, cm
-1
): 1590 (m, C=N); 1561 (s, C=C); 1508 (m, C=C). ESI-MS 
(+ve ion) m/z = 440 (M + Na
+
). UV-vis spectrum ((CH3)2SO): λmax = 320 nm 
(εmax = 30200 M
-1
 cm
-1
). 
 
3.3 Synthesis and Characterisation of Uranyl Complexes 
3.3.1 Synthetic Procedures 
3.3.1.1 Synthesis of [UO2(saldien
(Et2N)2)] (1) 
A solution of uranyl nitrate hexahydrate (0.50 g, 0.99 mmol) in ethanol (10 mL) was 
slowly added to a solution of saldien
(Et2N)2H2 (0.45 g, 0.99 mmol) in ethanol 
(40 mL). The mixture was heated at reflux for 1 h yielding an orange precipitate 
which was isolated by filtration after cooling. The precipitate was washed with a 
small volume of cold ethanol (5 mL) and dried to yield a hygroscopic orange solid. 
Orange single crystals of 1 were grown over several weeks by the slow evaporation 
of a solution of 1 in acetonitrile at 5 °C (0.30 g, 43 %). 
Anal. Calcd for [C26H37N5O4U]: C: 43.31; H: 5.04; N: 9.72; U: 33.05 %. Found: 
C: 41.08; H: 4.91; N: 9.17; U: 30.11 %. 
1
H NMR (400 MHz, CD2Cl2)  δH: 1.27 (t, 
12H, CH3, J = 7.2 Hz); 3.49 (q, 8H, CH2, J = 7.2 Hz); 3.64 (m, 2H, CH2); 4.10 (m, 
2H, CH2); 4.45 (m, 2H, CH2); 4.63 (m, 2H, CH2); 6.15 (dd, 2H, Ph-H, J = 8.8, 
2.4 Hz); 6.38 (d, 2H, Ph-H, J = 2.4 Hz); 7.25 (d, 2H, Ph-H, J = 8.8 Hz); 9.16 (s, 2H, 
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N=CH) ppm. 
13
C NMR (100 MHz, CD2Cl2) δC: 13.3 (CH3); 23.6 (CH2); 45.1 (CH2); 
63.8 (CH2); 106.1, 108.7 (Ph-H); 122.7 (Ph); 136.5 (Ph-H); 148.0 (Ph); 168.1 
(N=CH); 171.8 (Ph-O) ppm. Raman spectrum (solid state, cm
-1
): 1615 (s, C=N); 
1509 (m, C=C); 1432 (m, C=C); 804 (s, O=U=Oν1). IR spectrum  (ATR, cm
-1
): 1589 
(m, C=N); 1513 (m, C=C); 1431 (w, C=C); 886 (s, O=U=Oν3). UV-vis spectrum 
(CH2Cl2): λmax = 338 (εmax = 48200 M
-1
 cm
-1
). 
 
3.3.1.2 Synthesis of [UO2(saldamp
(Et2N)2)].CH2Cl2 (2).CH2Cl2 
A solution of uranyl nitrate hexahydrate (0.15 g, 0.30 mmol) in methanol (5 mL) was 
slowly added to a solution of saldamp
(Et2N)2H2 (0.15 g, 0.30 mmol) in methanol 
(5 mL) with stirring. The solution was gently heated for 30 minutes and the resultant 
orange precipitate was collected by filtration, washed with cold methanol (5 mL) and 
dried. Orange single crystals of 2.CH2Cl2 were grown over several days by the slow 
diffusion of diethyl ether into a concentrated DCM solution of 2 at 5 °C (0.121 g, 
55 %). 
Anal. Calcd for [C29H35N5O4U].0.5(CH2Cl2) : C: 44.79; H: 4.51; N: 8.71; 
U: 29.61 %. Found: C: 43.91; H: 4.53; N: 8.67; U: 29.55 %. 
1
H NMR 
(400 MHz, CD2Cl2) δH: 1.28 (t, 12H, CH3, J = 7.2 Hz); 3.51 (q, 8H, CH2, 
J = 7.2 Hz); 5.86 (s, 4H, CH2); 6.18 (dd, 2H, Ph-H, J = 8.8, 2.4 Hz); 6.43 (d, 2H, 
Ph-H, J = 2.4 Hz); 7.33 (d, 2H, Ph-H, J = 8.8 Hz); 7.65 (d, 2H, Ph(py)-H, J = 8.0 Hz); 
8.05 (t, 1H, Ph(py)-H, J = 8.0 Hz); 9.25 (s, 2H, N=CH) ppm. 
13
C NMR (100 MHz, 
CD2Cl2) δC: 13.3 (CH3); 45.2, 70.2 (CH2); 101.6, 103.9, 120.6, 136.4, 140.8 (Ph-H); 
144.9, 155.1, 162.6 (Ph); 168.0 (N=CH); 172.1 (Ph-O) ppm. Raman spectrum (solid 
state, cm
-1
): 1597 (s, C=N), 1515 (m, C=C), 1429 (m, C=C), 802 (m, O=U=Oν1). 
IR spectrum (ATR, cm
-1
): 1588 (s, C=N); 1570 (m, C=C); 1568 (m, C=C); 1481 (w, 
C=C); 1462 (w, C=C); 878 (s, O=U=Oν3). UV-vis spectrum (CH2Cl2): λmax = 347 nm 
(εmax = 15900 M
-1
 cm
-1
). 
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3.3.1.3 Synthesis of [UO2(salterpy)] (3) 
A solution of uranyl nitrate hexahydrate (0.27 g, 0.55 mmol) in methanol (10 mL) 
was slowly added to a solution of salterpyH2 (0.23 g, 0.55 mmol) in methanol 
(15 mL) and the mixture was heated to reflux for 3 h. After cooling, the resultant 
orange precipitate was isolated by filtration, washed with cold methanol (5 mL) and 
dried. Orange single crystals of 3 were grown over several days by the slow 
diffusion of diethyl ether into a concentrated acetonitrile solution of 3 at 5 °C 
(0.169 g, 45 %). 
Anal. Calcd for [C27H17N3O4U].CH3CN: C: 47.92; H: 2.78; N: 7.71; U: 32.78 %. 
Found: C: 47.92; H: 2.78; N: 7.57; U: 31.47 %. 
1
H NMR (400 MHz, (CD3)2SO) δH: 
6.71 (dt, 2H, Ph-H, J = 7.4, 1.2 Hz); 7.15 (dd, 2H, Ph-H, J = 7.4, 1.2 Hz); 7.49 (dt, 
2H, Ph-H, J = 7.4, 1.6 Hz); 7.72 (dd, 2H, Ph-H, J = 7.4, 1.6 Hz); 8.41 (d, 2H, 
Ph(py)-H, J = 8.0 Hz); 8.55 (t, 2H, Ph(py)-H, J = 8.0 Hz); 8.71 (t, 1H, Ph(py)-H, 
J = 8.4 Hz), 8.96 (d, 2H, Ph(py)-H, J = 8.0 Hz); 9.15 (d, 2H, Ph(py)-H, J = 8.4 Hz) 
ppm. 
13
C NMR (100 MHz, (CD3)2SO) δC: 118.3, 119.7, 122.4, 124.8, 125.4, 128.2, 
130.1, 131.9 (Ph-H); 141.3 (Ph); 143.1 (Ph-H); 154.8, 157.2, 160.1 (Ph); 167.3 
(Ph-O) ppm. Raman spectrum (solid state, cm
-1
): 1594 (m, C=N); 1571 (m, C=C); 
1554 (m, C=C); 1483 (m, C=C); 1469 (s, C=C); 805 (m, O=U=Oν1). IR spectrum 
(ATR, cm
-1
): 1591 (m, C=N); 1569 (m, C=C); 1550 (w, C=C); 1480 (w, C=C); 1449 
(w, C=C); 882 (s, O=U=Oν3). UV-vis spectrum ((CH3)2SO): λmax = 331 nm 
(εmax = 15000 M
-1
 cm
-1
). 
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3.3.2 Discussion 
The complexation of (saldien
(Et2N)2)
2-
, (saldamp
(Et2N)2)
2- 
and (salterpy)
2-
 to uranyl 
readily occurs in alcoholic solutions to afford compounds 1 - 3, respectively. It was 
found that uranyl complexation proceeds without requiring the addition of alkali for 
the deprotonation of the phenol groups of the ligands. Complexes 1 - 3 were 
recrystallised using standard techniques, affording crystals of sufficient quality to 
enable analysis by X-Ray diffraction (Section 3.6). Crystalline samples of 1 - 3 were 
obtained in reasonable yields (40 – 50 %), and were found to be highly reproducible. 
 
3.4 Solution Spectroscopy 
3.4.1 Nuclear Magnetic Resonance Spectroscopy 
The 
1
H and 
13
C NMR spectra of saldien
(Et2N)2H2, saldamp
(Et2N)2H2, salterpyH2 and the 
corresponding uranyl complexes 1 - 3, have been recorded at 298 K in various 
solvents. 
The 
1
H NMR spectra of saldien
(Et2N)2H2 and 1 recorded in CD2Cl2 are presented in 
Figure 3.2. The 
1
H NMR spectrum of saldien
(Et2N)2H2 shows a triplet and quartet at 
1.15 and 3.35 ppm, respectively, which correspond to the methyl and methylene 
protons of the diethylamino groups. There are two triplets at 2.90 and 3.65 ppm, 
corresponding to the methylene protons on the ligand backbone and three signals 
between 6 - 7 ppm relating to the three phenyl proton environments. There is a signal 
at 8.03 ppm which is attributable to the proton adjacent to the imine and a broad 
signal at 13.7 ppm from the phenolic protons.  
The 
1
H NMR spectrum of 1 indicates the formation of a complex because it is 
distinctly different from the spectrum of saldien
(Et2N)2H2 in CD2Cl2. No peak 
corresponding to the presence of phenol protons (13.7 ppm) was observed, indicating 
the binding of uranyl to the phenolate donors. The signal associated with the protons 
adjacent to the imines is shifted downfield in 1 (9.16 ppm) when compared to that of 
saldien
(Et2N)2H2 (8.03 ppm), indicating that binding to uranyl through the imine 
nitrogens has occurred. The peaks attributable to the methylene protons on the 
diethylenetriamine backbone in 1 show four multiplet signals between 3.50 and 
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4.70 ppm, each integrating to two protons. The binding of uranyl to the nitrogens of 
the diethylenetriamine backbone leads to distortion of the hydrocarbon chain. This 
results in non-equivalent proton environments being present in the 
1
H NMR 
spectrum of 1 when compared to the ligand, precluding reliable assignment of these 
signals. 
The 
13
C NMR spectrum of saldien
(Et2N)2H2 in CD2Cl2 presents four signals (13.0 to 
50.2 ppm) which correspond to the methyl and methylene carbons. There are five 
signals in the range of 96.9 to 152.3 ppm assigned to the carbon atoms of the phenyl 
rings, the carbon of the imine (164.2 ppm) and the phenolate carbon (165.0 ppm). 
The 
13
C NMR spectrum of 1 in CD2Cl2 displays signals attributable to the methyl 
and methylene carbon atoms (13.3 to 63.8 ppm); five signals attributable to the 
phenyl carbons between 106.1 and 148.0 ppm; a signal due to the carbon of the 
imine (168.1 ppm) and one for the phenolate carbon (171.8 ppm). In general, there is 
a downfield shift of the carbon signals in the spectrum of 1, in particular the imine 
and phenolate carbon signals, relative to those of saldien
(Et2N)2H2. 
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Figure 3.2 Annotated 
1
H NMR spectra (0.5 – 9.5 ppm) and (13.0 – 14.0 ppm) of [UO2(saldien
(Et2N)2)] (1) (bottom, in black) and saldien
(Et2N)2H2 
(top, in blue) in CD2Cl2 at 298 K. Note: Residual solvent signals (*) and HDO signal (#).
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The 
1
H NMR spectrum of 1 presented in Figure 3.2 shows that in CD2Cl2 there is no 
ligand exchange, which would be indicated by broadened signals or multiple species 
present. There does appear to be fluxional exchange of the methylene protons, 
accounting for the series of multiplet signals seen between 3.60 and 4.70 ppm,  
rather than two triplets observed in saldien
(Et2N)2H2.  
A similar splitting pattern has been observed by Takao and co-workers
[4]
 who have 
studied the solution state behaviour of a complex analogous to 1, [UO2(saldien)] 
(saldien
2-
 = N,N‟-disalicylidenediethylenetriaminate). The authors suggest this 
behaviour to be due to a conformational change between endo and exo conformers of 
the ethylene moiety on the timescale of the NMR experiment, as displayed in Figure 
3.3.
[4]
 
 
Figure 3.3 Newman projections (viewed along the C – C of the ethylene moiety) 
illustrating the conformer exchange in [UO2(saldien)].
[4]
 
 
In order to be able to confidently assign the proton signals in the 
1
H NMR spectrum 
of 1, variable temperature COSY NMR studies would need to be undertaken. 
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The 
1
H NMR spectra of saldamp
(Et2N)2H2 and 2 recorded in CD2Cl2 are presented in 
Figure 3.4. The 
1
H NMR spectrum of saldamp
(Et2N)2H2 shows a triplet and quartet at 
1.18 and 3.38 ppm respectively, attributable to the methyl and methylene protons of 
the diethylamino groups. There are signals corresponding to the methylene protons 
adjacent to the imine (4.80 ppm); three signals corresponding to the protons on the 
phenyl rings (6.12 to 7.08 ppm); two signals for the pyridyl protons (7.22 and 
7.66 ppm); the proton adjacent to the imine (8.28 ppm) and the characteristic broad 
signal at 13.55 ppm attributable to the phenol protons. 
The 
1
H NMR spectrum of 2 shows no peak from the phenolate protons, indicating 
binding to uranyl through the phenolate donors has occurred. The peak attributable 
to the proton adjacent to the imine becomes shifted downfield in 2 to 9.25 ppm, 
relative to saldamp
(Et2N)2H2 (8.28 ppm), confirming binding through the imine 
nitrogens. The signal corresponding to the methylene protons adjacent to the imine 
nitrogen (5.86 ppm) also shifts downfield, relative to saldamp
(Et2N)2H2 (4.80 ppm), 
providing further confirmation of uranyl coordination. 
The 
13
C NMR spectrum of saldamp
(Et2N)2H2 recorded in CD2Cl2 presents three peaks 
from the carbons of the methyl and methylene groups (13.0 – 64.6 ppm); eight 
signals due to carbon atoms in the phenyl and pyridyl rings (98.2 – 159.2 ppm); a 
signal attributable to the carbon of the imine (164.7 ppm) and the phenolate carbon 
(165.9 ppm). The 
13
C NMR spectrum of 2 presents signals corresponding to the 
methyl and methylene carbon atoms (13.3 – 70.2 ppm); eight phenyl and pyridyl 
carbons (101.6 – 162.6 ppm); the imine carbon (168.0) and the phenolate carbon 
(172.1 ppm). There is quite a significant downfield movement of the signals due to 
the the imine carbon and the phenolate carbon in the spectrum of 2 when compared 
to saldamp
(Et2N)2H2 (164.7 and 165.9 ppm), confirming uranyl coordination.
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Figure 3.4 Annotated 
1
H NMR spectra (0.5 – 9.5 ppm) and (13.0 – 14.0 ppm) of [UO2(saldamp
(Et2N)2)] (3) (bottom, in black) and 
saldamp
(Et2N)2H2 (top, in blue) in CD2Cl2 at 298 K. Note: Residual solvent signal (*), HDO signal (#) and diethyl ether impurities (~). 
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To assess the solution behaviour of 1 and 2 in solvents which can act as potential 
ligands for uranyl, 
1
H NMR spectra have been recorded in (CD3)2SO and C5D5N. 
There are no broadened signals in either of these solvents indicating 1 and 2 are 
stable with regard to ligand exchange on the 
1
H NMR timescale. It is apparent for 1 
however, that the fluxional exchange of the ethylene groups is present in all recorded 
solvents. The 
1
H NMR spectra for 1 in CD2Cl2, (CD3)2SO and C5D5N are presented 
in Figure 3.5 and for 2 in CD2Cl2, (CD3)2SO and C5D5N in Figure 3.6. 
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Figure 3.5 Stacked 
1
H NMR spectra (0.5 – 9.5 ppm) of [UO2(saldien
(Et2N)2)] (1) in (CD3)2SO (top), C5D5N (middle) and CD2Cl2 (bottom) at 
298 K. Note: Residual solvent signals (*) and HDO signals (#).
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Figure 3.6 Stacked 
1
H NMR spectra (0.0 – 9.6 ppm) of [UO2(saldamp
(Et2N)2)] (2) in (CD3)2SO (top), C5D5N (middle) and CD2Cl2 (bottom) at 
298 K. Note: Residual solvent signals (*) and HDO signals (#). 
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The solution behaviour of salterpyH2 and 3 have been studied using 
1
H and 
13
C NMR 
spectroscopy. Both the 
1
H and 
13
C NMR spectra of 3 were only recorded in 
(CD3)2SO, due to limited solubility of 3 in common deuterated solvents. The 
solubility of 3 in C5D5N was only sufficient to allow a 
1
H NMR spectrum to be 
recorded. The 
1
H NMR spectra of salterpyH2 and 3 are presented in Figure 3.7 in 
CDCl3 and (CD3)2SO respectively.  The 
1
H NMR spectrum of salterpyH2 in CDCl3 
displays peaks between 6.90 and 7.40 ppm which correspond to protons on the 
phenyl rings. Within the range of 7.80 to 8.60 ppm there are several, overlapping 
signals which can be attributed to protons on the terpyridyl backbone. The peak 
corresponding to the phenolic protons is observed at 14.60 ppm. 
The 
1
H NMR spectrum of 3 in (CD3)2SO enables a much more straightforward 
assignment of signals, compared to that of salterpyH2, due to the relative changes in 
chemical shift upon complexation. Four signals can be seen between 6.71 and 
7.72 ppm, corresponding to the protons on the phenyl rings, with the final five 
signals in the range 8.41 to 9.15 ppm  attributable to the protons on the pyridyl rings. 
There is no peak at 14.60 ppm, indicating binding to uranyl has occurred through the 
phenolate groups. 
The 
13
C NMR spectrum of salterpyH2 in CDCl3 presents fourteen peaks in the range 
118.6 to 159.9 ppm, the latter corresponding to the phenolate carbon. The 
13
C NMR 
spectrum for 3 similarly presents fourteen peaks (118.3 to 167.3 ppm) and there is a 
significant shift downfield of the signal attributable to the phenolate carbon for 3 
(167.3 ppm) compared to salterpyH2 (159.9 ppm). This supports binding of uranyl 
through the phenolate groups, as indicated by the 
1
H NMR spectrum for 3. 
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Figure 3.7 Annotated 
1
H NMR spectra (6.5 – 9.5 ppm) and (14.0 – 15.0 ppm) of [UO2(salterpy)] (3) (bottom, in black) in (CD3)2SO and 
salterpyH2 (top, in blue) in CDCl3 at 298 K. Note: Residual solvent signals (*). 
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The 
1
H NMR spectra for 3 in (CD3)2SO and C5D5N are presented in Figure 3.8. Due 
to the position, and relative intensity of the residual solvent peaks in the 
1
H NMR 
spectrum in C5D5N, it is impossible to distinguish all the proton signals. There is 
however, no broadening of signals or any indication of ligand exchange occurring at 
a rate comparable to the timescale of the experiment.  
 
Feb04-2009-dr.020.001.1r.esp
9.0 8.5 8.0 7.5 7.0 6.5
Chemical Shift (ppm)  
Figure 3.8 Stacked 
1
H NMR spectra (6.5 – 9.5 ppm) of [UO2(salterpy)] (3) in 
(CD3)2SO (bottom) and C5D5N (top) at 298 K. Note: Residual solvent signals (*). 
 
3.4.2 Electronic Absorption Spectroscopy 
The electronic absorption spectra for saldien
(Et2N)2H2, saldamp
(Et2N)2H2 and 
complexes 1 and 2 were recorded in DCM. The electronic absorption spectra for 
salterpyH2 and 3 were recorded in DMSO. The absorption spectra for all compounds 
are displayed in Figure 3.9. 
 
* * 
* 
Chemical Shift (ppm) 
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Figure 3.9 Electronic absorption spectra (300 – 600 nm) for saldien(Et2N)2H2; 
saldamp
(Et2N)2H2; 1 and 2 (DCM) and salterpyH2 and 3 (DMSO). 
 
The absorption spectra all display intense absorption bands from intramolecular 
(π - π*) transitions arising from the π – framework of the ligands. The absorption 
bands of the uranyl complexes are slightly red shifted from the bands observed for 
the uncoordinated ligands. The molar extinction coefficient maximum (εmax) for 
saldien
(Et2N)2H2 is 45000 M
-1
 cm
-1
; for saldamp
(Et2N)2H2 is 74200 M
-1
 cm
-1
 and for 
salterpyH2 is 30200 M
-1
 cm
-1. The εmax for 1 - 3 are 48200, 15900 and 
15000 M
-1
 cm
-1, respectively. The εmax generally decreases upon uranyl complexation 
due to distortion of the π – framework by electronic donation from the ligand donor 
atoms to the metal centre. This ultimately results in a decrease in the intensity of the 
transitions. The εmax for saldien
(Et2N)2H2 and 1  are similar, due to the π - framework 
remaining undistorted upon uranyl complexation. 
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3.5 Vibrational Spectroscopy 
The solid state mid-infrared and Raman spectra for compounds 1, 2 and 3 are shown 
in Figures 3.10 to 3.12, respectively. In each case, spectra were recorded using 
crystalline samples. The relative intensities of each pair of spectra is arbitrary and 
comparative vibrations are summarised in Table 3.1.
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Figure 3.10 Mid-infrared ATR (red line) and Raman (black line) spectra (700 – 1700 cm-1) of crystalline [UO2(saldien
(Et2N)2)] (1).  
70080090010001100120013001400150016001700
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Figure 3.11 Mid-infrared ATR (red line) and Raman (black line) spectra (700 – 1700 cm-1) of crystalline [UO2(saldamp
(Et2N)2)].(CH2Cl2) 
(2).(CH2Cl2). 
70080090010001100120013001400150016001700
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Figure 3.12 Mid-infrared ATR (red line) and Raman (black line) spectra (700 – 1700 cm-1) of crystalline [UO2(salterpy)] (3). 
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Compound 
 
Vibration Technique Wavenumber / 
cm
-1 
saldien
(Et2N)2H2 ν1(O=U=O) IR - 
  Raman - 
 ν3(O=U=O) IR - 
  Raman - 
 ν(C=N) IR 1600(s) 
  Raman - 
[UO2(saldien
 (Et2N)2)] (1) ν1(O=U=O) IR - 
  Raman 804(s) 
 ν3(O=U=O) IR 886(s) 
  Raman - 
 ν(C=N) IR 1589(m) 
  Raman 1615(s) 
saldamp
(Et2N)2H2 ν1(O=U=O) IR - 
  Raman - 
 ν3(O=U=O) IR - 
  Raman - 
 ν(C=N) IR 1613(s) 
  Raman - 
[UO2(saldamp
(Et2N)2)] ν1(O=U=O) IR - 
.CH2Cl2 (2).CH2Cl2  Raman 802(m) 
 ν3(O=U=O) IR 878(s) 
  Raman - 
 ν(C=N) IR 1588(s) 
  Raman 1597(s) 
salterpyH2 ν1(O=U=O) IR - 
  Raman - 
 ν3(O=U=O) IR - 
  Raman - 
 ν(C=N) IR 1590(m) 
  Raman 1601(m) 
[UO2(salterpy)] (3) ν1(O=U=O) IR - 
  Raman 805(m) 
 ν3(O=U=O) IR 882(s) 
  Raman - 
 ν(C=N) IR 1591(m) 
  Raman 1594(m) 
Notes: “-ˮ not observed; (s) strong; (m) medium; (w) weak. 
 
Table 3.1 Selected infrared and Raman vibrations (cm
-1
) for saldien
(Et2N)2H2, 
saldamp
(Et2N)2H2, salterpyH2 and  1 - 3. 
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3.5.1 O=U=O Vibrations in Compounds 1 – 3 
For uranyl, there are three possible O=U=O vibrational modes; ν1, a symmetric 
stretch ca. 860 cm
-1; ν2, a bending mode ca. 200 cm
-1
 and ν3, an asymmetric stretch 
ca. 930 cm
-1
.
[8]
 The symmetric stretch, ν1 is typically Raman active, whereas ν2 and 
ν3 are typically infrared active. The ν2 bending mode is not assigned in these systems 
due to ligand-based vibrational modes making confident assignment difficult. 
The differences in the uranyl bond strength are attributable to the strength of metal to 
ligand bonding in the equatorial plane. The ligand-to-metal ζ- and π-donation of the 
equatorial ligands increases the electron density of the uranium centre. This results in 
an increased electrostatic repulsion with the highly negatively charged axial oxygen 
atoms and hence weakens the U=O bonds.
[9,10] 
The extent of weakening of the U=O 
bonds can be quantified using the frequency of the ν1 and ν3 O=U=O vibrational 
modes. 
Compounds 1 - 3 have measured O=U=O ν1 bands at 804, 802 and 805 cm
-1
, 
respectively. These values are comparatively lower than the O=U=O ν1 stretches 
reported for uranyl complexes which contain tetradentate Schiff base ligands 
(811 - 843 cm
-1
).
[11,12] 
This indicates stronger equatorial binding in 1 - 3, hence 
leading to a slight weakening of the O=U=O ν1 band, when compared to complexes 
with tetradentate Schiff base ligands.
[11,12] The O=U=O ν1 values obtained for 
compounds 1 - 3 can be considered to be the same, within the associated error of the 
measurements (4 cm
-1
). 
The weakening of the U=O bond in 1 - 3, leads to an increase in the Lewis basicity 
of the uranyl oxo ligands. Sarsfield has been able to probe the Lewis basicity of 
[UO2(NCN)2(thf)] (NCN = {(SiMe3N)CPh(NSiMe3)}), which had a measured 
O=U=O ν1 band of 803 cm
-1
 and was able promote direct coordination of a Lewis 
acid (B(C6F5)3) to one of the uranyl oxo ligands (see Section 1.6.5).
[13] 
Further 
studies will need to be undertaken in order to assess the likelihood of Lewis acid 
coordination with the uranyl oxo ligands in 1 - 3. 
The measured O=U=O ν3 bands for compounds 1 - 3 are 886, 878 and 882 cm
-1
, 
respectively. There is very little difference between these values when experimental 
error is taken into account (4 cm
-1
). These values are within the expected range 
Chapter 3 – Uranyl N3O2  
 
98 
 
reported for uranyl complexes containing tetradentate Schiff base ligands, 
881 - 927 cm
-1
.
[11,12,14,15]
 The O=U=O ν3 stretch for [UO2(saldien)] has been reported 
to be within the range 891 – 897 cm-1.[4,16] These values are slightly higher than 
recorded for 1. The incorporation of the electron-donating diethylamino groups in 
the ligand may strengthen the ligand to metal interaction, leading to the observed 
weakening of the O=U=O ν3 stretch in 1, compared to [UO2(saldien)]. 
  
3.6 Crystallographic Studies 
The crystal structures for 1 - 3 reveal monomeric uranyl(VI) complexes where the 
metal centre is situated within the N3O2 cavity of each ligand. In each case, the 
coordination environment of the metal is saturated by the respective pentadentate 
ligand without the requirement for additional coordinating ligands. This results in 
typical pentagonal bipyramidal geometry about the metal centre. Selected crystal  
data are listed in Table 3.2, with full crystallographic details on the accompanying 
compact disc. 
 
 
 
 
 
 
 
 
 
 
  
Chapter 3 – Uranyl N3O2  
 
99 
 
 
Table 3.2 Selected crystallographic data for compounds 1 - 3.
  
[UO2(saldien
(Et2N)2)] 
(1) 
[UO2(saldamp
(Et2N)2)].CH2Cl2 
(2).CH2Cl2 
[UO2(salterpy)] 
(3) 
Empirical 
Formula 
C26H37N5O4U C30H37N5O4Cl2U C27H17O4N3U 
Formula 
Weight 720.62 840.58 685.47 
Crystal 
System Orthorhombic Monoclinic Monoclinic 
Space 
Group Pca21 P 21/c C 2/c 
a (Å) 14.5281(12) 17.161(5) 25.625(5) 
b (Å) 14.7111(12) 17.039(5) 8.633(5) 
c (Å) 12.4643(10) 11.196(5) 20.081(5) 
α (°) 90 90 90 
β (°) 90 102.743(5) 98.761(5) 
γ (°) 90 90 90 
V (Å
3
) 2663.9(4) 3174.5(19) 4390(3) 
Z 4 4 4 
Dc (g/cm
3
) 1.799 1.759 2.074 
μ (mm-1) 6.134 5.324 7.436 
F(000) 1408 1640 2592 
Index 
Ranges 
-17<=h<=17, 
-17<=k<=17, 
-15<=l<=15 
-20<=h<=20, 
-20<=k<=20,  
-13<=l<=13 
-30<=h<=30, 
-10<=k<=10, 
-24<=l<=24 
Total 
Number of 
Reflections 18533 22495 15582 
Unique 
Reflections 4866 5800 4031 
GOF 0.993 0.926 1.170 
R(F0) 0.0241 0.0590 0.0216 
Rw 0.0460 0.1257 0.0573 
Largest Diff. 
Peak and  
Hole 
0.732 and 
-0.540 e.Å
-3 
2.527 and 
-1.861 e.Å
-3 
1.060 and 
-0.603 e.Å
-3 
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The ORTEP representations of 1, presented in Figure 3.13 shows that there is 
sufficient flexibility in the ethylene backbone of the (saldien
(Et2N)2)
2-
 ligand to result 
in a slight puckering of the diethylenetriamine backbone upon uranyl coordination. 
This enables the donor atoms to occupy positions within the uranyl equatorial plane 
and leads to the ligand adopting a slight “boat” conformation. This supports the 
structural behaviour observed for [UO2(saldien)].
[1,4] 
 The U=O bond distances 
(1.779(4) and 1.778(3) Å) and O=U=O bond angle (173.31(15) °) are typical for 
many uranyl complexes.
[17]
 The U-O and U-N bond distances for 1 (2.235(3) – 
2.251(3) Å and 2.573(4) - 2.608(4) Å) compare with the range reported for 
equatorially five-coordinate uranyl complexes containing multidentate Schiff base 
ligands (U-O: 2.22 – 2.34 Å and U-N: 2.51 - 2.66 Å).[1-4,15,18-24] Selected bond 
lengths and angles for 1 are listed in Table 3.3. 
 
 
Figure 3.13 ORTEP plots of [UO2(saldien
(Et2N)2)] (1) (hydrogen atoms omitted). Top 
plot: view along the O=U=O axis (with selected crystallographic numbering), bottom 
plot: view perpendicular to the O=U=O axis (Et2N groups have been removed for 
clarity). 
 
Chapter 3 – Uranyl N3O2  
 
101 
 
Bond Length [Å]  Bond Angle [°]  
U(1)-O(1) 1.779(4) O(1)-U(1)-O(2) 173.31(15) 
U(1)-O(2) 1.778(3) O(1)-U(1)-O(3) 92.56(14) 
U(1)-O(3) 2.235(3) O(1)-U(1)-O(4) 92.97(14) 
U(1)-O(4) 2.251(3) O(2)-U(1)-O(3) 92.86(14) 
U(1)-N(1) 2.573(4) O(2)-U(1)-O(4) 91.23(14) 
U(1)-N(2) 2.608(4) O(3)-U(1)-O(4) 86.99(12) 
U(1)-N(3) 2.584(4) O(1)-U(1)-N(1) 70.93(13) 
  O(4)-U(1)-N(3) 71.90(17) 
 
Table 3.3 Selected bond lengths [Å] and angles [°] for 1. 
 
The ORTEP representations of 2.CH2Cl2, presented in Figure 3.14 show a structure 
with some degree of distortion. The structurally rigid pyridyl backbone of the 
(saldamp
(Et2N)2)
2-
 ligand results in 2.CH2Cl2 adopting a “stepped” conformer. The 
pyridyl backbone imparts sufficient rigidity to distort the donor atoms away from the 
uranyl equatorial plane. The U=O bond distances (1.759(7) and 1.785(5) Å) and 
O=U=O bond angle (175.3(3) °) closely resemble the values obtained for 1 and with 
most uranyl complexes.
[17]
 The U-O and U-N bond distances in 2.CH2Cl2 (2.231(8) – 
2.249(7) Å and 2.509(9) – 2.567(9) Å) are within the range expected for equatorially 
five-coordinate uranyl complexes containing multidentate Schiff base ligands (U-O: 
2.22 – 2.34 Å and U-N: 2.51 - 2.66 Å).[1-4,15,18-24] Selected bond lengths and angles 
for 2.CH2Cl2 are listed in Table 3.4. 
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Figure 3.14 ORTEP plots of [UO2(saldamp
(Et2N)2)].CH2Cl2 (2).CH2Cl2 (hydrogen 
atoms and DCM molecule omitted). Top plot: view along the O=U=O axis (with 
selected crystallographic numbering), bottom plot: view perpendicular to the 
O=U=O axis (Et2N groups have been removed for clarity). 
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Table 3.4 Selected bond lengths [Å] and angles [°] for 2.CH2Cl2. 
 
The ORTEP representations of 3 are presented in Figure 3.15. The rigid terpyridine 
backbone of the (salterpy)
2-
 ligand forces the two phenyl rings to twist relative to the 
plane of the terpyridine backbone by an average dihedral angle of 39.95(6) °. The 
coordinating oxygen atoms occupy positions slightly away from the uranyl 
equatorial plane. The rigidity of the terpyridine backbone forces 3 to adopt a “boat” 
conformation in the solid state. The U=O bond lengths (1.791(3) and 1.801(3) Å) 
and O=U=O bond angle (176.42(12) °) in 3 are comparable to the values obtained 
for 1 and 2. The U-O and U-N bond distances (2.192(3) – 2.229 (3) Å and 2.562(4) – 
2.633(3) Å) for 3 are within the range of values observed for uranyl complexes 
containing multidentate Schiff base ligands (U-O: 2.22 – 2.34 Å and 
U-N: 2.51 - 2.66 Å).
[1-4,15,18-24]  Selected bond lengths and angles for 3 are listed in 
Table 3.5. 
Bond Length [Å]  Bond Angle [°]  
U(1)-O(1) 1.759(7) O(1)-U(1)-O(2) 175.3(3) 
U(1)-O(2) 1.785(7) O(1)-U(1)-O(3) 89.6(3) 
U(1)-O(3) 2.249(7) O(1)-U(1)-O(4) 95.3(4) 
U(1)-O(4) 2.231(8) O(2)-U(1)-O(3) 94.0(3) 
U(1)-N(2) 2.563(10) O(2)-U(1)-O(4) 87.8(3) 
U(1)-N(3) 2.567(9) O(3)-U(1)-O(4) 87.9(3) 
U(1)-N(4) 2.509(9) O(1)-U(1)-N(2) 91.8(4) 
  O(1)-U(1)-N(3) 
O(1)-U(1)-N(4) 
87.9(3) 
88.1(3) 
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Figure 3.15 ORTEP plots of [UO2(salterpy)] (3) (hydrogen atoms omitted). Top 
plot: view along the O=U=O axis (with selected crystallographic numbering), bottom 
plot: view perpendicular to the O=U=O axis. 
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Table 3.5 Selected bond lengths [Å] and angles [°] for 3. 
 
3.7 Electrochemistry 
The uranium centred redox processes of complexes 1 - 3 have been studied using 
cyclic voltammetry (CV). CV has been used to determine the {UO2}
2+
/{UO2}
+
 
reduction potentials for a wide range of compounds in non-aqueous media.
[25-31]
 
These typically involve bulky, π – donating ligands and the position of the 
{UO2}
2+
/{UO2}
+ 
redox couple reflects this, and is typically in the range -0.89 V to 
-1.82 V, vs Fc
+
/Fc.
[25-30]
  
The cyclic voltammograms for 1 and 2 have been recorded in DCM, DMSO and py. 
The cyclic voltammograms of 3 have only been recorded in DMSO and py, due to 
the relatively poor solubility of 3 in DCM. Tetrabutylammonium 
hexafluorophosphate (0.1 M) was used as the electrolyte in all measurements and 
reported potentials are internally referenced to the ferrocinium/ferrocene (Fc
+
/Fc) 
redox couple. Cyclic voltammograms at various scan rates are included in the 
appendix, with relevant electrochemical data. 
 
The cyclic voltammograms (0.2 V s
-1
) of 1 recorded at room temperature in DCM, 
DMSO and py are presented in Figures 3.16 – 3.18, respectively.  
Bond Length [Å]  Bond Angle [°]  
U(1)-O(1) 1.801(3) O(1)-U(1)-O(2) 176.42(12) 
U(1)-O(2) 1.791(3) O(1)-U(1)-O(3) 89.01(12) 
U(1)-O(3) 2.192(3) O(1)-U(1)-O(4) 88.67(11) 
U(1)-O(4) 2.229(3) O(2)-U(1)-O(3) 94.24(12) 
U(1)-N(1) 2.633(3) O(2)-U(1)-O(4) 92.76(12) 
U(1)-N(2) 2.562(4) O(3)-U(1)-O(4) 91.32(10) 
U(1)-N(3) 2.599(4) O(1)-U(1)-N(1) 95.61(11) 
  O(1)-U(1)-N(2) 
O(1)-U(1)-N(3) 
80.61(12) 
90.23(12) 
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Figure 3.16 Cyclic voltammogram of 1 from -1.40 to -2.20 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in DCM; 0.2 V s
-1
; initial scan direction cathodic; * indicates peak 
positions). 
 
 
Figure 3.17 Cyclic voltammogram of 1 from -1.00 to -2.40 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in DMSO; 0.2 V s
-1
; initial scan direction cathodic). 
 
-2.20 -2.00 -1.80 -1.60 -1.40
Potential (V vs. Fc+/Fc)
-2.40 -2.20 -2.00 -1.80 -1.60 -1.40 -1.20 -1.00
Potential (V vs. Fc+/Fc)
* 
* 
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Figure 3.18 Cyclic voltammogram of 1 from -1.20 to -2.40 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in py; 0.2 V s
-1
; initial scan direction cathodic). 
 
The cyclic voltammogram of 1, measured in DCM is presented in Figure 3.16. The 
cathodic and anodic peaks are very broad, but peak positions can be assigned (*). 
The ipc/ipa ratio for this process remain very large (≥ 1) over all measured scan rates 
(0.025 – 0.500 V s-1), which indicates irreversible behaviour, but a weak anodic peak 
on the reverse sweep is still observed. The electron transfer rate is significantly less 
than the mass transfer rate to the electrode, resulting in the observed irreversible 
behaviour. The ½(Epc + Epa) has been calculated from the two indicated potentials in 
Figure 3.16 as -1.79 V (vs. Fc
+
/Fc, 0.2 V s
-1
). This can be assigned to the 
{UO2}
2+
/{UO2}
+
 couple and falls within the range expected for uranyl complexes 
containing Schiff base ligands (-1.55 to -1.81 V, vs. Fc
+
/Fc).
[11]
 
The cyclic voltammogram of 1 (Figure 3.17) measured in DMSO shows a reversible 
redox process at -1.66 V (vs. Fc
+
/Fc) at 0.2 V s
-1
. This process is atttributable to the  
{UO2}
2+
/{UO2}
+ 
redox couple and is reversible, irrespective of scan rate (0.025 – 
0.500 V s
-1
). The measured {UO2}
2+
/{UO2}
+ 
redox couple for 1 is within the 
expected range for uranyl Schiff base compounds (-1.55 to -1.81 V, vs. Fc
+
/Fc),
[11]
 
but slightly more negative than has been measured for [UO2(saldien)] in DMSO 
(-1.584 V vs. Fc
+
/Fc, 0.2 V s
-1
).
[4]
 This suggests that the presence of the electron-
donating Et2N groups on the phenyl rings in 1 stabilise the {UO2}
2+
 oxidation state 
to a greater extent than [UO2(saldien)].  
-2.40 -2.20 -2.00 -1.80 -1.60 -1.40 -1.20
Potential (V vs. Fc+/Fc)
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The cyclic voltammogram of 1 measured in py (Figure 3.18) shows a reversible 
redox process at -1.78 V (vs. Fc
+
/Fc), 0.2 V
 
s
-1
. This process corresponds to the 
{UO2}
2+
/{UO2}
+
 redox couple and remains reversible over all measured scan rates. 
The position of the reduction potential is consistent with the reported potentials for 
uranyl complexes containing multidentate Schiff base ligands, when measured in py 
(-1.57 to -1.79 V, vs. Fc
+
/Fc).
[11,30]
 
 
The cyclic voltammograms of 2, recorded in DCM, DMSO and py are presented in 
Figures 3.19 – 3.21, respectively. 
 
 
Figure 3.19 Cyclic voltammogram of 2 from -1.20 to -2.20 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in DCM; 0.2 V s
-1
; initial scan direction cathodic; * indicates peak 
position). 
 
-2.20 -2.00 -1.80 -1.60 -1.40 -1.20
Potential (V vs. Fc+/Fc)
* 
* 
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Figure 3.20 Cyclic voltammogram of 2 from -1.00 to -2.20 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in DMSO; 0.2 V s
-1
; initial scan direction cathodic). 
 
 
Figure 3.21 Cyclic voltammogram of 2 from -1.40 to -2.40 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in py; 0.2 V s
-1
; initial scan direction cathodic; * indicates peak position 
of secondary redox process). 
 
The cyclic voltammogram of 2 measured in DCM is shown in Figure 3.19. It 
displays behaviour similar to 1 in DCM with respect to irreversibility. Figure 3.19 
shows broad anodic and cathodic peaks, however the intensity of the anodic peak is 
weak, relative to the cathodic peak but is still observed on the reverse sweep. The 
-2.20 -2.00 -1.80 -1.60 -1.40 -1.20 -1.00
Potential (V vs. Fc+/Fc)
-2.40 -2.20 -2.00 -1.80 -1.60 -1.40
Potential (V vs. Fc+/Fc)
* 
* 
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½(Epc + Epa) has been calculated from the two indicated potentials in Figure 3.19, as 
-1.79 V (vs. Fc
+
/Fc, 0.2 V s
-1
) and is assigned to the {UO2}
2+
/{UO2}
+
 couple. The 
reduction potential is comparable to 1 in DCM (-1.79 V vs. Fc
+
/Fc, 0.2 V s
-1
) and 
falls within the range expected for uranyl complexes containing Schiff base ligands 
(-1.55 to -1.81 V, vs. Fc
+
/Fc).
[11] 
The voltammogram obtained for 2 in DMSO (Figure 3.20) shows a reversible redox 
process, corresponding to the {UO2}
2+
/{UO2}
+
 couple. This redox process is centred 
at -1.63 V (vs. Fc
+
/Fc, 0.2 V s
-1
). This process is reversible over all measured scan 
rates and is at a potential comparable to 1 in DMSO (-1.66 V vs. Fc
+
/Fc, 0.2 V s
-1
). 
The CV of 2 recorded in py is displayed in Figure 3.21 and shows two reversible 
features. The redox couple centred at -1.79 V (vs. Fc
+
/Fc, 0.2 V s
-1
) corresponds to 
the {UO2}
2+
/{UO2}
+
 couple. There is a second couple, as indicated on the 
voltammogram (*), which is centred at -2.11 V (vs. Fc
+
/Fc, 0.2 V s
-1
) and has a 
weaker relative intensity than the {UO2}
2+
/{UO2}
+
 couple. This feature is present 
over all measured scan rates, however the position of the couple (vs. Fc
+
/Fc) varies.  
1
H NMR studies of 2 in C5D5N were able to confirm the stability of the complex 
with respect to ligand exchange on a timescale comparable to that of the NMR 
experiment (Section 3.4.1). It is possible that the observed secondary feature could 
correspond to a ligand rearrangement process which is solvent dependent, as it is 
only observed in py. Interestingly, similar behaviour is not seen in the 
voltammogram for 1 in py. One possible explanation for the behaviour seen in the 
CV for 2 in py comes from studying the solid state structure of 2 (Section 3.6). In the 
solid state 2 exists as a “stepped” conformer. It might be possible on the timescale of 
CV measurements 2 undergoes conformational interconversion between the 
“stepped” conformer and the “boat” conformer, as described in Figure 3.22. Variable 
temperature 
1
H NMR studies of 2 in C5D5N did not show any evidence for 
intramolecular exchange processes. This may suggest that any interconversions that 
are occurring are doing so at a rate which cannot be observed by 
1
H NMR 
spectroscopy. This type of process would be most likely dependant on the scan rate 
and this supports the experimental observations. 
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Figure 3.22 Schematic diagram illustrating the possible conformational 
interconversion between “stepped” and “boat” conformers of 3 (viewed along C2 
axes). 
 
The cyclic voltammograms of 3, recorded in DMSO and py are presented in Figures 
3.23 and 3.24, respectively. 
 
Figure 3.23 Cyclic voltammogram of 3 from -1.20 to -2.40 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in DMSO; 0.2 V s
-1
; initial scan direction cathodic). 
-2.40 -2.20 -2.00 -1.80 -1.60 -1.40 -1.20
Potential (V vs. Fc+/Fc)
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Figure 3.24 Cyclic voltammogram of 3 from -1.20 to -2.40 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in py; 0.2 V s
-1
; initial scan direction cathodic). 
 
The cyclic voltammograms of 3 in DMSO and py show two redox features are 
observed at a scan rate of 0.2 V s
-1
. In each case, the two observed features both 
correspond to single-electron processes. 
In DMSO, the first couple, which is centred at -1.55 V (vs. Fc
+
/Fc, 0.2 V s
-1
), is 
irreversible over all measured scan rates (0.025 - 0.500 V s
-1
) and when the 
switching potential is altered, the anodic peak is always observed on the reverse 
sweep. This process can be assigned to the {UO2}
2+
/{UO2}
+ 
couple and is slightly 
less negative than for 1 and 2 (-1.66 V and -1.63 V vs. Fc
+
/Fc, respectively) in 
DMSO. The position of this redox couple is comparable to the {UO2}
2+
/{UO2}
+ 
couples reported for [UO2(salen)(DMSO)] and [UO2(salophen)(DMSO)] (salen
2-
 = 
N,N’-disalicylidene-1,2-ethylenediaminate, salophen2- = N,N’-disalicylidene-1,2-
phenylenediaminate) measured in DMSO (-1.57 V and -1.55 V vs. Fc
+
/Fc).
[11,28]
  The 
second redox feature at -2.10 V (vs. Fc
+
/Fc, 0.2 V s
-1
)
 
is reversible over all measured 
scan rates. A similar process is present in 2 in py, however in 2 the position of the 
feature varies with scan rate. The relative intensity of the feature at -2.10 V (vs. 
Fc
+
/Fc, 0.2 V s
-1
) in 3 compared to the {UO2}
2+
/{UO2}
+ 
couple suggests a one-
electron ligand-based process. This is supported by similar observations of 
[Ni(salbpy)] (salbpy
2-
 = 6,6‟‟-bis(2-hydroxyphenyl)-2,2‟-bipyridine) and 
[Ni(terpy)(Xyl)][PF6] (Xyl = xylyl) where the authors observe a similar feature, 
which they assign to the formation of a ligand-based radical species.
[32,33]
 
-2.40 -2.20 -2.00 -1.80 -1.60 -1.40 -1.20
Potential (V vs. Fc+/Fc)
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The cyclic voltammogram of 3 measured in py is presented in Figure 3.24 and 
displays two reversible redox couples, -1.69 V and -2.22 V vs. Fc
+
/Fc at 0.2 V s
-1
. 
The two couples are reversible over all measured scan rates and can be assigned to 
the {UO2}
2+
/{UO2}
+
 couple (-1.69 V vs Fc
+
/Fc) and a ligand-based process (-2.22 V 
vs. Fc
+
/Fc) at 0.2 V s
-1
. 
 
Table 3.6 summarises the formal redox half potentials (vs. Fc
+
/Fc) for the 
{UO2}
2+
/{UO2}
+
 couple, which have been recorded for 1 - 3 in different solvents at a 
scan rate of 0.2 V s
-1
.  
Compound Solvent 
DCM DMSO Py 
[UO2(saldien
(Et2N)2)] (1) -1.79* -1.66 -1.78 
[UO2(saldamp
(Et2N)2)] (2) -1.79* -1.63 -1.79 
[UO2(salterpy)] (3) N/A -1.55* -1.69 
Note: * indicates ½(Epc + Epa) for irreversible processes. 
Table 3.6 Formal redox half potentials (V vs. Fc
+
/Fc) for {UO2}
2+
/{UO2}
+ 
couple in 
1 - 3 (0.2 V s
-1
, 0.1 M [Bu4N][PF6] as electrolyte). 
 
The data in Table 3.6 indicate that 1 - 3 display solvent dependency, with respect to 
the position of the {UO2}
2+
/{UO2}
+
 couple. In 1 and 2 there is little change in the 
relative position of the redox couple when recorded in DCM and py. There is a clear 
shift (~0.16 V) in the potential of the redox couple in DMSO, when compared to 
DCM and py. 3 displays similar solvent dependency in DMSO and py with a relative 
shift in the redox couple by ~0.14 V. The {UO2}
2+
/{UO2}
+
 redox couples for 1 and 2 
were irreversible in DCM, but were reversible in DMSO and py, whereas 3 was 
irreversible in DMSO, but reversible in py. 
These observations highlight the effect that solvation has a fundamental role in 
determining the redox behaviour of uranyl complexes. A similar observation has 
been reported for [UO2(salmnt
(Et2N)2)(L)] ((salmnt
(Et2N)2)
2- = 2,3-bis[(4-diethylamino-
Chapter 3 – Uranyl N3O2  
 
114 
 
2-hydroxybenzylidene)amino]but-2-enedinitrile, L = py, DMSO, DMF and 
triphenylphosphine oxide (TPPO)). For these examples, the effect of solvation alters 
the position of the {UO2}
2+
/{UO2}
+ 
redox couple by ~0.2 V in some cases.
[11]
 The 
effect of solvation on the redox behaviour of 1 - 3 is also very evident, with ~0.16 V 
difference between redox couples in certain solvents. The effect of solvation is likely 
to involve outer sphere processes due to ligand topologies, which equatorially 
saturate uranyl and prevent ligand exchange. Density functional theory calculations 
have shown that solvation effects can dictate the redox behaviour of aqueous uranyl 
complexes.
[34]
 It is clearly evident that solvation effects can play a key role in uranyl 
redox behaviour. This is however, the first study of the effects of solvation on 
equatorially saturated uranyl complexes. A full study in a range of solvents would 
need to be made in order to determine an overall trend, with respect to the position 
and reversibility of the {UO2}
2+
/{UO2}
+ 
redox couple. 
 
3.8 Summary 
Three novel uranyl complexes containing linear pentadentate ligands have been 
prepared; [UO2(saldien
(Et2N)2)] (1), [UO2(saldamp
(Et2N)2)] (2) and [UO2(salterpy)] (3). 
These have been characterised using solution state NMR spectroscopy, which has 
been able to show that 1 - 3 are stable with respect to ligand exchange in 
coordinating and non-coordinating solvents. This provides an opportunity to study 
the outer-sphere effects on the solution behaviour of uranyl complexes without 
altering the inner-sphere coordination environment. 
 
Compounds 1 - 3 have been characterised in the solid state crystallographically and 
spectroscopically. Subtle differences in the flexibility of the ligand backbones give 
rise to “stepped” and “boat” conformers. The strength on the U=O bond has been 
probed using Raman and infrared spectroscopies and indicate weakened U=O bonds, 
which may allow Lewis acid coordination. 
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The electrochemical behaviours of 1 - 3 have been studied in a range of solvents. 
The formal reduction potential for the {UO2}
2+
/{UO2}
+ 
couple has been found to be 
subtly dependent on solvation. These complexes allow the outer-sphere effects of 
solvation to be probed with respect to position, and reversibility of the 
{UO2}
2+
/{UO2}
+ 
couple using systems where the inner-sphere coordination 
environment is uniform throughout. 
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Chapter 4 
Synthesis and Characterisation of Uranyl Complexes 
Containing N2O2S Linear Pentadentate Ligands 
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4.1 Introduction 
The study of the coordination chemistry between thiol-containing pro-ligands and 
{UO2}
2+
 has been well documented. This is exemplified in the isolation of {UO2}
2+
 
complexes containing thiophosphonate,
[1] 
thiocarbamate,
[2]
 thiosemicarbazinate,
[3]
 
thiopyridinate
[4]
 and thiolate
[5]
 ligands. The study of metal-binding with “softer” 
thioether ligands, however, is typically associated with elements of the p and d-
block.
[6,7]
 In contrast, the coordination of thioether-ligands to uranium is rare, due to 
the “hard” nature of the metal cations (see Section 1.3). These tend to occur for 
uranium in the lower oxidation states, such as U(III) and U(IV).
[8-10] 
At the time of 
writing this thesis, only five examples of {UO2}
2+
 complexes containing thioether 
ligands had been submitted to the CSD.
[11-15]
 
 
This chapter will focus on the differences and similarities between the behaviour of 
{UO2}
2+
 complexes containing N3O2 pentadentate ligands (Chapter 3) and ligands 
that contain a thioether functionality, N2O2S. Two novel thioether-containing ligands 
have been designed and are presented in Figure 4.1. 
 
 
 
Figure 4.1 Pentadentate N2O2S pro-ligands reported in this chapter. 
 
salaes
(Et2N)2H2 salddt
(Et2N)2H2 
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The aim of the work presented in this chapter is to determine firstly, whether it is 
possible to observe {UO2}
2+
-thioether interactions with these ligands and secondly, 
what effect this has on the complexes, with respect to spectroscopic properties, 
ligand exchange and redox behaviour. 
 
4.2 Ligand Synthesis and Characterisation 
4.2.1 Synthesis of N,N’-bis((4-diethylamino)salicylidene)2,2’-diaminodiphenyl 
thioether - salddt
(Et2N)2H2 
The synthesis of the title compound was prepared by a Schiff base condensation 
reaction. The synthesis of 2-nitro-2‟-aminodiphenyl thioether was achieved by 
adaption of a method reported by Wiltshire, replacing 2-nitrothiophenol with 
2-aminothiophenol.
[16]
 The reaction scheme is illustrated below in Scheme 4.1. 
  
Scheme 4.1 Synthesis of N, N’-bis((4-diethylamino)salicylidene)2,2‟-diamino-
diphenyl thioether - salddt
(Et2N)2H2. 
 
salddt(Et2N)2H2 
2-Nitro-2‟-aminodiphenyl thioether 
2,2‟-Diaminodiphenyl thioether 
2 
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4.2.1.1 Synthesis of 2-nitro-2’-aminodiphenyl thioether 
2-Aminothiophenol (3.25 g, 0.026 mol) and 1-fluoro-2-nitrobenzene (3.60 g, 
0.026 mol) were added to a vigorously stirred solution of potassium carbonate 
(7.10 g, 0.051 mol) in degassed dimethylsulfoxide (50 mL). The solution was stirred 
under N2 for 18 h, after which the mixture was poured into ice-water (150 mL). The 
resulting precipitate was collected by filtration and dried in vacuo, yielding an 
orange crystalline solid (3.33 g, 52 %). 
1
H NMR (400 MHz, CD2Cl2) δH: 4.25 (s, 2H, NH2); 6.73 (td, 1H, Ph-H, J = 7.6, 
1.2 Hz); 6.78 (d, 2H, Ph-H, J = 8.4 Hz); 7.17 (td, 1H, Ph-H, J = 7.7, 1.6 Hz); 7.25 
(td, 1H, Ph-H, J = 7.7, 1.6 Hz); 7.30 (td, 1H, Ph-H, J = 7.7, 1.6 Hz); 7.36 (dd, 1H, 
Ph-H, J = 7.7, 1.6 Hz); 8.17 (dd, 1H, Ph-H, J = 8.4, 1.2 Hz) ppm. 
 
4.2.1.2 Synthesis of 2,2’-diaminodiphenyl thioether 
2-Nitro-2‟-aminodiphenyl thioether (3.30 g, 0.013 mol) and Pd/C (10 % loading) 
(0.10 g) were added to degassed EtOH (150 mL) and heated at reflux for 10 minutes. 
Hydrazine hydrate (14.58 g, 50-60 %) was slowly added to the mixture over 10 
minutes and the solution was heated at reflux for a further 2 h. The cooled mixture 
was filtered through a celite slurry to remove the catalyst and the solvent was 
removed in vacuo to yield a crystalline yellow solid (1.82 g, 65 %). 
1
H NMR (400 MHz, (CD3)2SO) δH: 5.28 (s, 4H, NH2); 6.49 (td, 2H, Ph-H, J = 7.6, 
1.2 Hz); 6.70 (dd, 2H, Ph-H, J = 8.0, 1.2 Hz); 7.00 (td, 2H, Ph-H, J = 7.6, 1.6 Hz); 
7.07 (dd, 2H, Ph-H, J = 8.0, 1.6 Hz) ppm. 
 
4.2.1.3 Synthesis of N,N’-bis((4-diethylamino)salicylidene)2,2’-diaminodiphenyl 
thioether - salddt
(Et2N)2H2 
2,2‟-Diaminodiphenyl thioether (0.69 g, 3.20 mmol) and 4-(diethylamino)-
salicylaldehyde (1.23 g, 6.40 mmol) were heated at reflux for 2 h in MeOH (50 mL). 
After cooling, the solvent was removed in vacuo, the residue dissolved in 
dichloromethane (5 mL) and filtered. The filtrate was allowed to stand overnight 
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yielding a yellow precipitate. Yellow single crystals of salddt
(Et2N)2H2 were grown 
over several days by the slow diffusion of hexane into a concentrated DCM solution 
of the crude product salddt
(Et2N)2H2 at 5 °C (1.30 g, 72 %). 
Anal. Calcd for [C34H38N4O2S]: C: 72.05; H: 6.76; N: 9.89; S: 5.65 %. Found: C: 
69.89; H: 6.72; N: 9.61; S: 5.82 %. 
1
H NMR (400 MHz, CD2Cl2) δH: 1.74 (t, 
12H, CH3, J = 7.2 Hz); 3.38 (q, 8H, CH2, J = 7.2 Hz); 6.12 (d, 2H, Ph-H, 
J = 2.4 Hz); 6.25 (dd, 2H, Ph-H, J = 8.8, 2.4 Hz); 7.09 (td, 2H, Ph-H, J = 7.2, 
1.6 Hz); 7.16 (d, 4H, Ph-H, J = 8.8 Hz); 7.22 (dd, 2H, Ph-H, J = 8.0, 1.2 Hz); 7.30 
(dt, 2H, Ph-H, J = 8.0, 1.6 Hz); 8.42 (s, 2H, N=CH); 13.21 (s, 2H, OH) ppm. 
13
C 
NMR (100 MHz, CD2Cl2) δC: 13.0 (CH3); 45.1 (CH2); 98.0, 104.3 (Ph-H); 109.6 
(Ph); 118.3, 126.5, 128.7 (Ph-H); 130.4 (Ph); 132.1, 134.5 (Ph-H); 149.2, 152.6 (Ph); 
161.2 (C=N); 164.1 (Ph-OH) ppm. Raman spectrum (solid state, cm
-1
): 1599 (s, 
C=N); 1570 (s, C=C); 1520 (w, C=C); 1467 (m, C=C); 1441 (sh, C=C). IR spectrum 
(cm
-1
): 1596 (s, C=N); 1565 (s, C=C); 1519 (br, C=C); 1420 (sh, C=C). ESI-MS 
(+ve ion) m/z = 567 (M+H). UV-vis spectrum (CH2Cl2): λmax 385 nm 
(ε = 76500 M-1 cm
-1
). 
 
4.2.2 Synthesis of N,N’-bis((4-diethylamino)salicylidene)bis 
(2-aminoethyl)sulfide – salaes(Et2N)2H2 
The synthesis of salaes
(Et2N)2H2 was achieved by a Schiff base condensation reaction 
between 4-(diethylamino)salicylaldehyde and bis(2-aminoethyl)sulfide. 
Bis(2-aminoethyl)sulfide was prepared according to the published method.
[17] 
4-(Diethylamino)salicylaldehyde (1.12 g, 5.83 mmol) and bis(2-aminoethyl)sulfide 
(0.35 g, 2.92 mmol) were dissolved in ethanol (20 mL) and heated at reflux, with 
vigorous stirring, for 2 hours. After cooling the mixture to room temperature the 
solvent was removed in vacuo, and the residue was dissolved in 
dichloromethane
 
(5 mL) and filtered. The filtrate was concentrated in vacuo, 
affording the title compound as a brown oil (0.93 g, 68 %). 
1
H NMR (400 MHz, CD2Cl2) δH: 1.16 (t, 12H, CH3, J = 7.2 Hz); 2.83 (t, 4H, CH2, 
J = 6.8 Hz); 3.36 (q, 8H, CH2, J = 7.2 Hz); 3.67 (t, 4H, CH2, J = 6.8 Hz); 6.07 (d, 
Chapter 4 –Uranyl N2O2S 
 
123 
 
2H, Ph-H, J = 2.4 Hz); 6.17 (dd, 2H, Ph-H, J = 8.8, 2.4 Hz); 7.00 (d, 2H, Ph-H, 
J = 8.8 Hz); 8.08 (s, 2H, N=CH); 13.49 (s, 2H, OH) ppm. 
13
C NMR (100 MHz, 
CD2Cl2) δC: 13.0 (CH3); 34.1 (CH2-S); 44.9 (CH2); 58.8 (CH2-N); 98.2, 103.5 
(Ph-H); 108.7 (Ph); 133.3 (Ph-H); 151.9 (Ph); 164.9 (C=N); 165.7 (Ph-OH) ppm. IR 
spectrum (ATR, cm
-1
): 1608 (s, C=N); 1561 (w, C=C); 1519 (s, C=C); 1447 (w, 
C=C); 1422 (w, C=C). ESI-MS (-ve ion) m/z = 469 (M-H
+
).  
 
4.3 Synthesis and Characterisation of Uranyl Thioether Complexes 
4.3.1 Synthetic Procedures 
4.3.1.1 Synthesis of [UO2(salddt
(Et2N)2H
*
2)(NO3)2].CH2Cl2 (4).CH2Cl2 
i
 
A solution of uranyl nitrate hexahydrate (0.20 g, 0.39 mmol) in ethanol (20 mL) was 
slowly added to a solution of salddt
(Et2N)2H2 (0.22 g, 0.39 mmol) in ethanol (30 mL) 
with stirring. The resultant orange solution was heated at reflux for 4 h. After 
cooling, the majority of the solvent was removed in vacuo and the newly formed 
orange precipitate was filtered and dried in vacuo. Orange single crystals of 
4.CH2Cl2 were grown over several days by layering diethyl ether onto a concentrated 
DCM solution of 4 at 5°C (0.10 g, 30 %). 
Anal. Calcd for [C34H36O10N6SU].CH2Cl2: C: 40.26; H: 3.67; N: 8.05; S: 3.06; U: 
22.82 %. Found: C: 39.87; H: 3.62; N: 7.85; S: 2.89; U: 22.93 %. 
1
H NMR 
(400 MHz, CD2Cl2): δH 1.25 (t, 12H, CH3, J = 20 Hz); 3.28 (d, 8H,  CH2, 
J = 6.8 Hz); 6.30-6.45 (m, 4H, Ph-H); 7.10-7.45 (m, 10H, Ph-H); 7.93 (d, 2H, 
N=CH, J = 14.8 Hz); 14.07 (d, 2H, Ph-OH, J = 14.8 Hz) ppm. Raman spectrum 
(solid state, cm
-1
): 1629 (s, C=N); 1582 (s, C=C); 1527 (w, C=C); 1490 (m, C=C); 
1461 (sh, C=C); 814 (s, O=U=Oν1). IR spectrum (ATR, cm
-1
): 1604 (s, C=N); 1596 
(s, C=C); 1484 (m, C=C); 1416 (sh, C=C); 917 (s, O=U=Oν3). UV-vis spectrum 
(CH2Cl2): λmax = 418 nm (ε = 71900 M
-1
 cm
-1
). 
 
 
                                                             
i Note: H* refers to a protonated ligand state which is discussed in Section 4.4. 
Chapter 4 –Uranyl N2O2S 
 
124 
 
4.3.1.2 Synthesis of [UO2(salddt
(Et2N)2H
*
2)2](TFSI)2.CH2Cl2 (5).CH2Cl2 
i 
A solution of uranyl bis(trifluoromethane)sulfonimide (1.45 g, 1.75 mmol) in 
methanol (5 mL) was slowly added to a solution of salddt
(Et2N)2H2 (0.99 g, 
1.75 mmol) in methanol (15 mL) with stirring. The mixture was stirred for 1 h and 
the resultant orange precipitate was isolated by filtration, washed with cold methanol 
(5 mL) and air dried. Orange single crystals of 5.CH2Cl2 were grown overnight by 
diffusion of diethyl ether into a concentrated DCM solution of 5 at 5 °C (1.03 g, 
29 %). 
Anal. Calcd for [C72H76O14N10F12S6U].0.5CH2Cl2: C: 43.48; H: 3.68; N: 7.00; S: 
9.59; U: 11.90 %. Found: C: 43.67; H: 3.77; N: 7.04; S: 9.70; U: 11.86 %. 
1
H NMR 
(400 MHz, CD2Cl2): δH 0.92 (s, 24H, CH3); 3.21 (s, 16H, CH2); 6.43 (dd, 4H, Ph-H, 
J = 9.2, 2.0 Hz); 6.70 (d, 4H, Ph-H, J = 2.0 Hz); 7.13 (d, 4H, Ph-H, J = 7.6 Hz); 7.23 
(td, 4H, Ph-H, J = 7.6, 2.0 Hz); 7.35 (d, 4H, Ph-H, J = 9.2 Hz); 7.46 (m, 8H, Ph-H); 
8.17 (d, 4H, N=CH, J = 13.2 Hz); 13.76 (d, 4H, Ph-O, J = 13.2 Hz) ppm. 
13
C NMR 
(100 MHz, CD2Cl2) δC: 46.1 (CH3); 53.5 (CH2); 101.4, 108.9 (Ph-H); 109.6 (Ph); 
118.9 (Ph-H); 125.3 (Ph); 128.2, 130.9, 134.4, 138.4 (Ph-H); 151.4 (Ph); 153.4 
(N=CH); 158.1 (Ph); 176.6 (Ph-O) ppm. Raman spectrum (solid state, cm
-1
): 1634 (s, 
C=N); 1577 (s, C=C); 1488 (m, C=C); 1475 (m, C=C); 803 (m, O=U=Oν1). IR 
spectrum (ATR, cm
-1
): 1602 (s, C=N); 1529 (m, C=C); 1487 (m, C=C); 882 (w, 
O=U=Oν3). UV-vis spectrum (CH2Cl2): λmax = 409 nm (ε = 124300 M
-1
 cm
-1
). 
 
4.3.1.3 Synthesis of [UO2(salddt
(Et2N)2)].CH2Cl2 (6).CH2Cl2 
A solution of uranyl perrhenate (0.135 g, 0.175 mmol) in methanol (5 mL) was 
added to a solution of salddt
(Et2N)2H2 (0.10 g, 0.175 mmol) and triethylamine 
(0.049 mL, 0.350 mmol) in methanol (10 mL) with stirring. The mixture 
immediately turned dark orange and the mixture was heated at 50 °C for 10 minutes. 
After cooling, the resultant orange precipitate was isolated by vacuum filtration, 
washed with cold methanol (3 mL) and air dried. Orange single crystals of 6.CH2Cl2 
                                                             
i Note: H* refers to a protonated ligand state which is discussed in Section 4.4. 
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were grown over several days by diffusing diethyl ether into a concentrated DCM 
solution of 6 at 5 °C (0.116 g, 79 %).  
Anal. Calcd for [C34H36O4N4SU].0.5CH2Cl2: C: 47.22; H: 4.25; N: 6.39; S: 3.65; U: 
27.15 %. Found: C: 47.98; H: 4.19; N: 6.33; S: 3.58; U: 26.94 %. 
1
H NMR 
(400 MHz, CD2Cl2) δH: 1.27 (t, 12H, CH3, J = 7.2 Hz); 3.51 (q, 8H, CH2, 
J = 7.2 Hz); 6.25 (dd, 2H, Ph-H, J = 9.2, 2.4 Hz); 6.38 (d, 2H, Ph-H, J = 2.4 Hz); 
7.29 (dd, 2H, Ph-H, J = 7.2, 1.2 Hz); 7.40 – 7.46 (m, 4H, Ph-H); 7.57 (dt, 2H, Ph-H, 
J = 7.6, 1.2 Hz); 8.19 (dd, 2H, Ph-H, J = 8.0, 1.2 Hz); 9.34 (s, 2H, N=CH) ppm. 
13
C 
NMR (100 MHz, CD2Cl2) δC: 13.2 (CH3); 45.4 (CH2); 100.9, 105.5 (Ph-H); 114.8 
(Ph); 123.4 (Ph-H); 126.4 (Ph); 127.4, 131.4, 132.4, 137.8 (Ph-H); 156.0 (Ph); 167.0 
(C=N); 172.3 (Ph-O) ppm. Raman spectrum (solid state, cm
-1
): 1564 (s, C=N); 1496 
(m, C=C); 1468 (m, C=C); 1443 (m, C=C); 811 (w, O=U=Oν1). IR spectrum 
(ATR, cm
-1
): 1604 (s, C=N); 1553 (s, C=C); 1492 (s, C=C); 1465 (m, C=C); 884 (s, 
O=U=Oν3). UV-vis spectrum (CH2Cl2): λmax 393 nm (ε = 22200 M
-1
 cm
-1
). 
 
4.3.1.4  Example of Attempted Synthesis of [UO2(salaes
(Et2N)2)] 
A solution of uranyl nitrate (0.107 g, 0.213 mmol) in methanol (5 ml) was slowly 
added to a solution of salaes
(Et2N)2H2 (0.10 g, 0.213 mmol) in methanol (15 mL). The 
mixture was gently heated for 20 minutes with stirring, followed by stirring at room 
temperature overnight. The resultant orange precipitate was isolated by filtration, 
washed with cold methanol (5 mL) and air dried (0.064 g). 
1
H NMR experiments of 
the product in CD2Cl2 showed broadened signals and multiple-species present in 
solution. 
 
4.3.2 Discussion 
The complexation of (salddt
(Et2N)2)
2-
 to uranyl was found to be highly dependent on 
the reaction conditions. By adopting a similar synthetic strategy that was 
successfully employed in the synthesis of compounds 1 - 3, namely using uranyl 
nitrate in an alcoholic solution in the absence of alkali, resulted in the isolation of 4. 
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4 shows binding to the uranyl through just the phenolate oxygen atoms, rather than 
the entire N2O2S donor set of (salddt
(Et2N)2)
2-
. The uranyl coordination sphere is 
completed by two bidentate nitrate groups (see Section 4.6 for crystallographic 
studies). 
In order to prevent anion coordination and hence promote uranyl encapsulation by 
the ligand, uranyl bis(trifluoromethane)sulfonimide (uranyl (TFSI)2) was used due to 
the presence of a weaker coordinating anion, relative to nitrate. This resulted in the 
formation of 5, in which the uranyl is bound to two (salddt
(Et2N)2)
2- 
ligands through 
the phenolate oxygen atoms, leaving the N2S donors of both ligands unbound. 
Interestingly, it was found that 5 always formed, even when the relative metal and 
ligand stoichiometries were varied. 
In order to ensure binding of uranyl the entire N2O2S cavity in (salddt
(Et2N)2)
2-
 it was 
found to be necessary to deprotonate salddt
(Et2N)2H2 with triethylamine before the 
addition of uranyl. This resulted in the isolation of 6, and was found to form 
independently of the uranyl starting material (i.e. uranyl nitrate and uranyl 
perrhenate), once ligand deprotonation had occurred. 
The synthesis of compounds 4 - 6 was found to proceed in good yields (30 – 80 %) 
and with high reproducibility. Crystals of sufficient quality were grown using 
standard techniques to enable analysis by X-Ray diffraction. 
The complexation of the more flexible (salaes
(Et2N)2)
2-
 ligand to uranyl was attempted 
but proved unsuccessful. Various combinations of the uranyl starting materials (i.e. 
uranyl nitrate, uranyl perrhenate and uranyl (TFSI)2) with salaes
(Et2N)2H2 or 
(salaes
(Et2N)2)
2-
, obtained using triethylamine, were attempted. In each case, orange 
precipitates formed almost immediately. Solution studies by 
1
H NMR spectroscopy 
showed multiple-species were present in solution. Attempts to isolate single crystals 
proved unsuccessful. 
Studies using salddt
(Et2N)2H2 have shown that a subtle modification of a synthetic 
route can result in the isolation of three different uranyl complexes (4 - 6). The 
flexibility of the (saldien
(Et2N)2)
2- 
ligand, resulted in endo/exo exchange being 
observed for [UO2(saldien
(Et2N)2)] (1) by 
1
H NMR spectroscopy (Section 3.4.1). 
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Therefore if salaes
(Et2N)2H2 displays similar characteristic behaviour of salddt
(Et2N)2H2 
and saldien
(Et2N)2H2 with respect to uranyl coordination, many species could result. 
This behaviour would explain why a single-species could not be isolated or 
characterised by 
1
H NMR spectroscopy. 
 
4.4 Solution Spectroscopy 
4.4.1 Nuclear Magnetic Resonance Spectroscopy 
The 
1
H and 
13
C NMR spectra for 5 and 6 have been recorded at 298 K in various 
solvents. A 
1
H NMR spectrum of 4 in CD2Cl2 could only be recorded due to the 
relatively poor solubility of 4 in CD2Cl2. 
The 
1
H NMR spectrum of salddt
(Et2N)2H2 recorded in CD2Cl2 is presented in Figure 
4.2. The spectrum shows a triplet and quartet at 1.74 and 3.38 ppm, respectively and 
can be attributed to the methyl and methylene protons of the diethylamino groups. 
There are six signals in the range of 6.12 to 7.30 ppm relating to phenyl proton 
environments. There is a signal at 8.42 ppm assigned to the protons adjacent to the 
imine and a broad signal at 13.21 ppm due to the phenolic protons. 
The 
13
C NMR spectrum of salddt
(Et2N)2H2 in CD2Cl2 has peaks at 13.0 and 45.1 ppm, 
which correspond to the methyl and methylene carbon atoms, respectively. There are 
eleven signals in the range 98.0 to 152.6 ppm assigned to the carbon atoms on the 
phenyl rings; the carbon of the imine (161.2 ppm) and the phenolate carbon 
(164.1 ppm). 
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Figure 4.2 Annotated 
1
H NMR spectrum (0.5 – 9.0 ppm) and (12.0 – 14.5 ppm) of salddt(Et2N)2H2 in CD2Cl2 at 298 K.  Note: Residual solvent 
signal (*) and HDO signal (#).
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The 
1
H NMR spectrum of 4 has been recorded in CD2Cl2 and is presented in Figure 
4.3. The spectrum possesses broad, unresolved peaks mainly due to the limited 
solubility in CD2Cl2. There is the presence of a doublet at 14.07 ppm, rather than the 
broad singlet observed for salddt
(Et2N)2H2 at 13.21 ppm. The signal attributable to the 
proton adjacent to the imine is seen as a doublet at 7.93 ppm, which is shifted 
compared to the analogous signal in salddt
(Et2N)2H2 (8.42 ppm). The coupling 
constants between the doublet at 14.07 ppm and the doublet at 7.93 ppm are both 
14.8 Hz. Therefore, this suggests that the imine nitrogens have become protonated, 
presumably by proton migration from the phenols. Hence, leading to the observed 
coupling between the protons on the imine carbon and nitrogen. The proton 
migration from the phenolate to the imine is induced by complexation with uranyl, 
which prefers to bind to the hard phenolate donors. The softer imine donors do not 
bind to uranyl, allowing the imines to become protonated. This could be confirmed 
by 2-D 
1
H NMR studies, but the poor solubility of 4 in CD2Cl2 prevents this. 
 
 
[UO2(monosulf)(NO3)2] dcm.esp
14 13 12 11 10 9 8 7 6 5 4 3 2 1
Chemical Shift (ppm)  
Figure 4.3 
1
H NMR spectrum (0.5 – 14.5 ppm) of [UO2(salddt
(Et2N)2H
*
2)(NO3)2] (4) 
in CD2Cl2 at 298 K. Note: Residual solvent signal (*) and HDO signal (#). 
 
* # 
Chemical Shift (ppm) 
Chapter 4 –Uranyl N2O2S 
 
130 
 
The 
1
H NMR spectrum of 5 in CD2Cl2 is presented in Figure 4.4. Two broad, 
unresolved signals at 0.84 and 3.13 ppm are observed, these can be assigned to the 
methyl and methylene protons of the diethylamino groups. These signals would be 
expected to exist as a triplet and a quartet respectively, as is seen in salddt
(Et2N)2H2 
(Figure 4.2) and compounds 1 - 3 in Chapter 3. This is further explained in Section 
4.4.1.1. Peaks between 6.34 and 7.38 ppm are resolved peaks which may be 
attributed to the protons of the phenyl rings. There is a doublet at 8.08 ppm, which is 
assigned to the proton adjacent to the imine carbon and is shifted relative to 
salddt
(Et2N)2H2 (8.42 ppm). This signal is strongly coupled (13.2 Hz) (as determined 
by 2D COSY NMR spectroscopy) to a doublet present at 13.67 ppm, as for 4, 
suggesting that the nitrogen atoms of the imines are protonated by a similar proton 
migration process.  
The 
13
C NMR spectrum of 5 in CD2Cl2 shows signals due to the methyl and 
methylene carbons (46.1 and 53.5 ppm); twelve signals assigned to the carbons of 
the phenyl rings; carbon of the imine (158.1 ppm) and the carbon of the phenolate 
groups (176.6 ppm). The phenolate signal is shifted downfield relative to 
salddt
(Et2N)2H2 (164.1 ppm), which confirms uranyl coordination. 
 
The solution behaviour of 5 has been studied by 
1
H NMR spectroscopy in solvents 
that are more coordinating than CD2Cl2, namely C5D5N and (CD3)2SO. The 
1
H NMR 
spectra of 5 in each of these solvents in presented in Figure 4.5. In C5D5N, the well-
resolved signals that are present for 5 in CD2Cl2 are absent. There is the presence of 
broadened signals and more than one species is present in solution. These 
observations suggest that 5 is unstable in C5D5N with regard to ligand exchange. The 
1
H NMR spectrum of 5 in (CD3)2SO shows only one species present in solution. 
However, this corresponds to salddt
(Et2N)2H2 and indicates that the highly 
coordinating DMSO has completely exchanged with the (salddt
(Et2N)2)
2-
 ligands for 
binding to uranyl.  
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Figure 4.4 Annotated 
1
H NMR spectrum (0.5 – 14.0 ppm) of [UO2(salddt
(Et2N)2H
*
2)2](TFSI)2 (5) in CD2Cl2 at 298 K. Note: For clarity only one 
of the (salddt
(Et2N)2)
2- 
ligands has been shown. Residual solvent signal (*) and HDO signal (#).
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Figure 4.5 Stacked 
1
H NMR spectra (0.5 – 14.0 ppm) of [UO2(salddt
(Et2N)2H
*
2)2](TFSI)2 (5) in (CD3)2SO (top), C5D5N (middle) and CD2Cl2 
(bottom) at 298 K. Note: Residual solvent signals (*) and HDO signals (#). 
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The 
1
H NMR spectrum of 6, recorded in CD2Cl2 is presented in Figure 4.6. There is 
no broadening of the signals from the methyl and methylene protons. The expected 
triplet and quartet is observed, which is similar to the 
1
H NMR spectra of 1 - 3, but 
in contrast to 5. There is no peak corresponding to the presence of phenol protons 
(13.21 ppm), indicating that uranyl has bound to the phenolate groups. The signal 
corresponding to the proton adjacent to the imine carbon (9.34 ppm) is shifted 
downfield relative to the 
1
H NMR spectrum of  salddt
(Et2N)2H2 (8.42 ppm). This is a 
similar downfield shift upon uranyl complexation as is seen in the 
1
H NMR spectra 
of 1 and 2 and hence confirms uranyl is binding through 
the nitrogen atoms of the imine. 
The 
13
C NMR spectrum of 6 gives signals at 13.2 and 45.4 ppm, corresponding to 
the methyl and methylene carbons respectively; ten signals in the range 
100.9 - 156.0 ppm are assigned to carbons on the phenyl rings; a signal at 167.0 ppm 
due to the carbon of the imine and a signal is from the phenolate carbon (172.3 ppm). 
The signals due to the imine and phenolate carbons are shifted downfield relative to 
salddt
(Et2N)2H2 (161.2 (C=N) and 164.1 (Ph-OH) ppm). These changes in chemical 
shifts are similar to the behaviour present in the 
13
C NMR spectra of 1 and 2 upon 
uranyl binding. 
The solution behaviour of 6 has been studied by 
1
H NMR spectroscopy with respect 
to ligand exchange. In C5D5N and (CD3)2SO there is no evidence to suggest ligand 
exchange is occurring at a rate comparable to that of the experiment. 6 displays 
solution behaviour that is similar to compounds 1 - 3, but in contrast to the solution 
behaviour of 4 and 5. Comparative 
1
H NMR spectra of 6 in CD2Cl2, C5D5N 
and (CD3)2SO are presented in Figure 4.7.
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Figure 4.6 Annotated 
1
H NMR spectrum of (0.5 – 9.5 ppm) of [UO2(salddt
(Et2N)2)] (6) in CD2Cl2 at 298 K. Note: Residual solvent signal (*) and 
HDO signal (#). 
[uo2(monosulf)] dcm.esp
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5  
Chemical Shift (ppm) 
 
A 
# 
B 
* 
C 
D 
E 
F 
G H I 
Chapter 4 –Uranyl N2O2S 
 
135 
 
[uo2(monosulf)] dcm.esp
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
Chemical Shift (ppm)  
[uo2( onosulf)] pyr.esp
 
[uo2(monosulf)] dmso.esp
 
  
Figure 4.7 Stacked 
1
H NMR spectra (0.5 – 9.6 ppm) of [UO2(salddt
(Et2N)2)] (6) in (CD3)2SO (top), C5D5N (middle) and CD2Cl2 (bottom) at 
298 K. Note: Residual solvent signals (*), HDO signals (#) and CH2Cl2 signal (~). 
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4.4.1.1 Variable-Temperature NMR Studies
 
The two broad signals (0.84 and 3.31 ppm) that are present in the 
1
H NMR spectrum 
of 5, are due to the methyl and methylene protons of the diethylamino groups of the 
ligands. The broadening of these signals at 298 K possibly reflects the fact that these 
protons are in rapid exchange between chemical environments. This phenomenon 
often occurs in compounds when the rate constant for the exchange between 
environments is greater than the frequency difference of the proton resonances in the 
separate environments.
[18]
 Variable-temperature 
1
H NMR experiments will allow the 
rate of the exchange to be reduced and should enable resolution of these broad 
signals. Variable-temperature 
1
H NMR spectra for 5 are presented in Figure 4.8. The 
initially unresolved signals at 0.84 and 3.31 ppm are denoted A and B, respectively.  
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Figure 4.8 Variable-temperature 
1
H NMR spectra (0.0 – 4.0 ppm) of [UO2(salddt
(Et2N)2H
*
2)2](TFSI)2 (5) in CD2Cl2 at 223 – 293 K. Note: HDO 
signals (#) and coalescence points (^).
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The 
1
H NMR spectrum of 5 at 293 K, shows two broad, unresolved signals which 
are denoted A and B.  
Signal A splits into two broad, unresolved signals, A1 and A2 at 283 K. Upon 
further cooling, A1 resolves to produce a triplet at 253 K. Cooling the sample to 223 
K fails to resolve signal A2, indicating it is still undergoing environmental exchange 
at this temperature. This suggests that signals A1 and A2 are in different chemical 
environments in compound 5. 
Signal B also splits into two broad signals at 283 K, B1 and B2. At 263 K, B1 and 
B2 are further split, into B1.1, B1.2  and B2.1, B2.2, respectively. At 253 K, signals 
B1.1 and B1.2 resolve to produce two quartets. On further cooling (223 K) signals 
B2.1 and B2.2 fail to resolve, therefore at this temperature environmental exchange 
is still occurring. 
 
Within the temperature range of this experiment there are two observed coalescence 
points (marked ^ in Figure 4.8). When signals are resolved into two populated 
environments, the rate constant for the exchange at the coalescence point can be 
determined using Equation 1,
[18]
 where Δν refers to the frequency separation of the 
initially sharp lines. 
 
k = πΔν/√2    (Equation 1) 
 
The free energy of activation can be calculated using Equation 2.
[18] 
 
  ΔG
‡
 = RTc[23 + ln(Tc / Δν)]    (Equation 2) 
 
The results from these equations for the various dynamic processes occurring in 5 
are tabulated in Table 4.1. 
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Initial 
Peak, 
Coalesced 
(ppm) 
Resolved 
Peaks (at Tc) 
Δν (s-1) Tc (K) k (s
-1
) ΔG‡ (kJ mol-1) 
A 
(0.92 ppm) 
A1 and A2 
(0.65 and 1.16 ppm) 
204
 
283 K 453.17 54.79 
B 
(3.21 ppm) 
B1 and B2 
(3.02 and 3.37 ppm) 
140
 
283 K 311.00 55.58 
A1 
(1.17 ppm) 
A1* 
(1.13 ppm) 
16 253 K 35.54 54.79 
B1 
(3.48 ppm) 
B1.1* and B1.2* 
(3.46 and 3.52 ppm) 
24 253 K 53.31 53.24 
Note: The peak separation where indicated (*) has been measured as the difference 
between the relevant multiplets. 
Table 4.1 Rate constant and free energy calculations from variable-temperature 
1
H 
NMR experiments of 5. 
 
The free energy of activation has been calculated and the values are comparable at 
ca. 54 kJ mol
-1
. This suggests that the dynamic processes observed in the variable-
temperature 
1
H NMR experiments are due to one overall process, the rotation of the 
terminal ethyl chains of the ligand. A schematic diagram of the  possible processes 
that may occur is presented in Figure 4.9. 
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Figure 4.9 Schematic diagram illustrating the possible origin of the environmental 
exchange processes of [UO2(salddt
(Et2N)2H
*
2)2](TFSI)2 (5) in CD2Cl2. (A) indicates 
rotation of both of the ethylene arms at 298 K; (B) indicates rotation of only one of 
the ethylene arms at 253 K and (C) indicates that both of the ethylene arms have 
stopped rotating. Note: For clarity, only one diethylamino group is presented. 
 
The variable temperature 
1
H NMR studies of 5 indicate the following:- 
(A) At 298 K, there is rapid environmental exchange due to rotation of both ethylene 
arms between the methyl and methylene groups of both diethylamino groups. 
(B) At 253 K, the environmental exchange has stopped at one of the ethyl arms. The 
other ethyl arm still undergoes environmental exchange. This results in the resolved 
signals observed. 
(C) At a temperature that could not be measured the rate of exchange of the ethyl 
arms will be slow, resulting in fully resolved 
1
H NMR signals. 
 
This exchange behaviour is only seen in 5 and not in 6, nor in compounds 1 - 3. In 5 
there are two unbound thioether groups, which may participate in hydrogen bonding.  
Therefore it is possible that the broadening of signals is due to the presence of inter-
ligand S-H bonding interactions between the protons of the diethylamino group of 
one ligand and the thioether of the other. Molecular models of 5 indicate the 
298 K 
(A) 
253 K 
(B) 
Undetermined temperature 
(C) 
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possibility of the diethylamino groups of the ligands in 5  making a close inter-ligand 
approach to the unbound thioethers. 
 
In order to be able to identify confidently the processes occurring in 5, a more 
precise NMR experiment would need to be undertaken. This would involve cooling 
to even lower temperatures, which may require a different 
1
H NMR solvent to be 
used, provided similar behaviour and stability are maintained. 
 
4.4.2 Electronic Absorption Spectroscopy 
The electronic absorption spectra for salddt
(Et2N)2H2 and complexes 4 - 6 in DCM are 
displayed in Figure 4.10 and they all show very intense absorption bands, resulting 
from intramolecular (π - π*) transitions. 
 
 
Figure 4.10 Electronic absorption spectra (300 – 800 nm) for salddt(Et2N)2H2 and 
4 - 6 in DCM. 
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The salddt
(Et2N)2H2 ligand produces a yellow coloured solution in DCM, which 
corresponds to a single absorption at 385 nm in the absorption spectrum. The spectra 
of the subsequent uranyl complexes are slightly red shifted than observed for the 
uncoordinated ligand, producing yellow-orange solutions in DCM. Compounds 4 - 6 
have single absorptions at 412, 409 and 393 nm, respectively and have absorption 
bands slightly broader than is observed for salddt
(Et2N)2H2. The molar extinction 
coefficient maximum (εmax) for salddt
(Et2N)2H2 is 76500 M
-1
 cm
-1
 and for compounds 
4 - 6 are 71900, 124300 and 22200 M
-1
 cm
-1
 respectively. Interestingly, the εmax for 6 
is much lower than the values obtained for the remaining compounds. This is likely 
to be due to the disruption of the π-framework, by the U-S interaction, which lowers 
the intensity of the intramolecular transitions. 
 
4.5 Vibrational Spectroscopy  
The solid state mid-infrared and Raman spectra for compounds 4 - 6 are shown in 
Figures 4.11 to 4.13, respectively. The relative intensities of each pair of spectra are 
arbitrary and comparable vibrations are summarised in Table 4.2.   
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Figure 4.11 Mid-infrared ATR (red line) and Raman (black line) spectra (700 – 1700 cm-1) of crystalline [UO2(salddt
(Et2N)2H
*
2)(NO3)2].CH2Cl2 
(4).CH2Cl2. 
7009001100130015001700
Wavenumber (cm
-1
) 
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Figure 4.12 Mid-infrared ATR (red line) and Raman (black line) spectra (700 – 1700 cm-1) of crystalline [UO2(salddt
(Et2N)2H
*
2)2](TFSI)2.CH2Cl2 
(5).CH2Cl2. 
7009001100130015001700
Wavenumber (cm
-1
) 
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Figure 4.13 Mid-infrared ATR (red line) and Raman (black line) spectra (700 – 1700 cm-1) of crystalline [UO2(salddt
(Et2N)2)].CH2Cl2 
(6).CH2Cl2. 
7009001100130015001700
Wavenumber (cm
-1
) 
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Compound 
 
Vibration Technique Wavenumber / 
cm
-1 
salddt
(Et2N)2H2 ν1(O=U=O) IR - 
  Raman - 
 ν3(O=U=O) IR - 
  Raman - 
 ν(C=N) IR 1596(s) 
  Raman 1599(s) 
[UO2(salddt
(Et2N)2H
*
2)(NO3)2] ν1(O=U=O) IR - 
.CH2Cl2 (4).CH2Cl2  Raman 814(s) 
 ν3(O=U=O) IR 917(s) 
  Raman - 
 ν(C=N) IR 1604(m) 
  Raman 1629(s) 
[UO2(salddt
(Et2N)2H
*
2)2](TFSI)2 ν1(O=U=O) IR - 
.CH2Cl2 (5).CH2Cl2  Raman 803(m) 
 ν3(O=U=O) IR 882(w) 
  Raman - 
 ν(C=N) IR 1602(s) 
  Raman 1634(s) 
[UO2(salddt
(Et2N)2)] ν1(O=U=O) IR - 
.CH2Cl2 (6).CH2Cl2  Raman 811(w) 
 ν3(O=U=O) IR 883(s) 
  Raman - 
 ν(C=N) IR 1604(s) 
  Raman 1564(s) 
Notes: “-ˮ not observed; (s) strong; (m) medium; (w) weak. 
Table 4.2 Selected infrared and Raman vibrations (cm
-1
) for salddt
(Et2N)2H2 and 4 - 6. 
 
4.5.1 O=U=O Vibrations in Compounds 4 - 6 
Compounds 4 - 6 present bands within the range 803 – 814 cm-1, which can be 
assigned to the O=U=O ν1 stretching mode, which lie to the lower end of the range 
reported for uranyl complexes containing tetradentate Schiff base ligands (811 – 
843 cm
-1
).
[19,20]
 Compound 6, which has the (salddt
(Et2N)2)
2-
 ligand binding in a 
pentadentate manner, has a slightly higher O=U=O ν1 feature (811 cm
-1
) than 5, 
where two (salddt
(Et2N)2)
2-
 ligands are bidentate through the phenolate donors 
(803 cm
-1
). This suggests stronger equatorial binding for 5 than in the case of 6 and 
may indicate that the uranyl oxo ligands of 5 are sufficiently Lewis basic to allow 
direct Lewis acid coordination.
[21]
  The O=U=O ν1 value obtained for 6 is within the 
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same range as the measured O=U=O ν1 bands for compounds 1 - 3 (802 – 805 cm
-1
), 
within experimental error (4 cm
-1
). This shows similar electron-donating ability of 
the thioether group relative to amine donors. 
The bands assigned to O=U=O ν3 for compounds 4 - 6 lie within the range 882 – 917 
cm
-1
, which is within the range associated with uranyl compounds containing 
tetradentate Schiff base ligands, 881 – 927 cm-1.[19,20,22,23] The O=U=O ν3 bands for 
1 - 3 (878 – 886 cm-1) are in a range similar to the related O=U=O ν3 band for 6 
(883 cm
-1
). This indicates similar relative electron-donating ability of the 
(salddt
(Et2N)2)
2-
 ligand  to (saldien
(Et2N)2)
2-
, (saldamp
(Et2N)2)
2-
 and (salterpy)
2-
. The 
O=U=O ν3 band reported by Vigato and co-workers for [UO2(SAC)] (SAC = (3-
chloro-5-dimethylacetylsalicylidene)bis(2-aminoethyl)sulfide)),  a thioether-
containing pentadentate ligand, lies at 903 cm
-1
.
[15]
 It has been suggested that 
reported O=U=O ν3 bands are difficult to assign accurately, due to overlap with 
ligand vibrations. The O=U=O ν1 band is a much more accurate measure of  O=U=O 
stretching modes.
[24] 
 
4.6 Crystallographic Studies 
The crystal structures for 4 - 6 reveal monomeric uranyl(VI) complexes, where the 
(salddt
(Et2N)2)
2- 
ligand binds through solely the phenolate groups in the case of 4 and 
5, or through all the donors in the N2O2S cavity for 6. Selected crystallographic data 
for salddt
(Et2N)2H2 and 4 - 6 are listed in Table 4.3, with full crystallographic details 
on the accompanying compact disc. 
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Note: 5.CH2Cl2 displays very disordered TFSI counter ions. 
Table 4.3 Selected crystallographic data for salddt
(Et2N)2H2 and 4 - 6. 
 
The ORTEP representation of salddt
(Et2N)2H2 is presented in Figure 4.14, with 
selected bond lengths and angles in Table 4.4. The sp
2
 hybridised sulfur results in a 
C(17)-S(1)-C(18) bond angle of 104.1(3) °. The phenolic hydrogen atoms are 
affected by intramolecular, O-H···N hydrogen bonding interactions. The rigid 
benzene rings enforce sufficient steric interactions that result in a torsion angle 
between the two rings through the S atom of  76.7(5) °. The structure shows that the 
plane formed by the atoms O1, N2 and S1 is nearly orthogonal to the plane formed 
by the atoms O2, N3 and S1. This shows that the ligand is not preformed for uranyl 
  
salddt
(Et
2
N)
2H2 [UO2(salddt
(Et
2
N)
2H
*
2)(NO3)2] 
.CH2Cl2 (4).CH2Cl2  
[UO2(salddt
(Et
2
N)
2H
*
2)2](TFSI)2 
.CH2Cl2 (5).CH2Cl2 
[UO2(salddt
(Et
2
N)
2)] .CH2Cl2 
(6).CH2Cl2 
Empirical 
Formula 
C34H38N4O2S C35H40N6O10Cl2SU  C72H78O14F12N10S6Cl2U C36H38N4O4Cl2SU 
Formula 
Weight 566.74 1045.72 2035.32 931.20 
Crystal 
System Triclinic Monoclinic Monoclinic 
 
Orthorhombic 
Space 
Group P-1 P 21/n C 2/c Pna21 
a (Å) 8.0591(14) 11.076(5) 28.542(5) 20.963(5) 
b (Å) 13.328(2) 16.914(5) 21.876(5) 14.990(5) 
c (Å) 15.206(3) 21.192(5) 15.931(5) 24.717(5) 
α (°) 65.839(4) 90 90 90 
β (°) 75.605(4) 94.649(5) 105.168(5) 90 
γ (°) 82.113(4) 90 90 90 
V (Å
3
) 1442.3 3957(2) 9601(4) 7767(4) 
Z 2 4 4 8 
Dc (g/cm
3
) 1.305 1.755 0.983 1.718 
μ (mm-1) 0.151 4.353 1.773 4.552 
F(000) 604 2056 2872 3936 
Index 
Ranges 
-10<=h<=9, 
-16<=k<=16, 
-16<=l<=18 
-13<=h<=13, 
-20<=k<=20,  
-25<=l<=25 
-19<=h<=37, 
-25<=k<=27, 
-21<=l<=21 
-25<=h<=25, 
-18<=k<=18, 
 -29<=l<=29 
Total 
Number of 
Reflections 8393 28857 20347 14273 
Unique 
Reflections 5726 7251 8749 10545 
GOF 0.967 1.224 0.875 1.069 
R(F0) 0.0865 0.0346 0.1039 0.0693 
Rw 0.1709 0.0644 0.2611 0.1010 
Largest Diff. 
Peak and  
Hole 
0.458 and  
-0.420 e.Å
-3 
1.667 and  
-0.683 e.Å
-3 
2.335 and  
-1.490 e.Å
-3 
2.547 and 
-2.792 e. Å
-3
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binding and to enable complexation through the entire N2O2S donor set, a ligand 
rearrangement is required. The equivalent C-S-C bond angle reported for salddtH2 
(salddtH2 = N,N’-bis(salicylidene)2,2‟-diaminodiphenyl thioether) has been 
measured at 100.6(3) ° with the equivalent torsion angle at 53.1(3) °.
[25] 
 
 
 
 
Figure 4.14 ORTEP plots of salddt
(Et2N)2H2 (hydrogen atoms omitted). Top plot: 
view nearly perpendicular to the N2O2S donor cavity (with selected crystallographic 
numbering), bottom plot: view along the plane of the sulfur and one of the central 
phenyl rings (Et2N groups have been removed for clarity, phenol hydrogens 
included). 
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Bond Length [Å]  Bond Angle [°]  
S(1)-C(17) 1.771(6) C(17)-S(1)-C(18) 104.1(3) 
S(1)-C(18) 1.786(6) C(9)-O(1)-H(1) 109.5 
O(1)-C(9) 1.357(6) C(30)-O(2)-H(2) 109.5 
O(1)-H(1) 0.820 C(5)-N(1)-C(2) 120.8(5) 
O(2)-C(30) 1.359(7) C(11)-N(2)-C(12) 120.3(5) 
O(2)-H(2) 0.820   
Table 4.4 Selected bond lengths [Å] and angles [°] for salddt
(Et2N)2H2. 
 
The ORTEP representation of 4.CH2Cl2, presented in Figure 4.15 shows a mono-
metallic structure, where one (salddt
(Et2N)2)
2-
 ligand is bound to uranyl through the 
phenolate oxygens. Two bidentate nitrate groups complete the uranyl coordination 
environment. The presence of the nitrate groups and the sterically rigid 
(salddt
(Et2N)2)
2- 
ligand forces uranyl binding through the phenolate oxygens of the 
ligand, leaving the N2S donors unbound. 
A similar example of a multidentate ligand binding through the phenolate oxygens to 
uranyl has been previously reported, with two bidentate nitrates also bound to the 
metal for ([UO2(NO3)2(salpn)] (salpn = N,N’-propylenebis(salicylideneimine)).
[12]
 
The authors suggest protonation of an imine and a phenolate group, solely 
determined by structural characterisation.
[26]
 Ephritikhine has reported a novel seven-
coordinate compound, [UO2(NO3)2(Mebtp)] (Mebtp = 2,6-
bis(5,6-dimethyl-1,2,4-triazin-3-yl)pyridine) where two bidentate nitrate groups 
complete the uranyl coordination environment.
[27]
  
The U=O bond distances (1.776(3) and 1.773(3) Å) and O=U=O bond angle 
(177.03(14) °) are typical for many uranyl complexes.
[28] 
The U-Ophenolate bond 
distances in 4.CH2Cl2 (2.296(3) and 2.330(3) Å) compare to the U-Ophenolate bond 
distances reported for [UO2(NO3)2(salpn)] and to the range of U-O bond distances 
expected for uranyl complexes containing multidentate ligands (2.22 – 
2.34 Å).
[26,29-35]
 The U-Onitrate bond lengths (2.532(3) to 2.559(3) Å) in 4.CH2Cl2 are 
within the same range as reported for uranyl complexes containing equatorially 
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bidentate nitrate groups (U-Onitrate: 2.47 – 2.58 Å).
[26,27,36]
 Selected bond lengths and 
angles for 4.CH2Cl2 are listed in Table 4.5. 
 
Figure 4.15 ORTEP plot of [UO2(salddt
(Et2N)2H
*
2)(NO3)2].CH2Cl2 (4).CH2Cl2. 
(hydrogen atoms and DCM molecule omitted) view nearly perpendicular to the 
O=U=O axis (with selected crystallographic numbering). 
 
Bond Length [Å]  Bond Angle [°]  
U(1)-O(1) 1.776(3) O(1)-U(1)-O(2) 177.03(14) 
U(1)-O(2) 1.773(3) O(1)-U(1)-O(3) 92.00(13) 
U(1)-O(3) 2.330(3) O(1)-U(1)-O(4) 91.97(12) 
U(1)-O(4) 2.296(3) O(2)-U(1)-O(3) 90.44(13) 
U(1)-O(5) 2.551(3) O(2)-U(1)-O(4) 90.44(12) 
U(1)-O(6) 2.532(3) O(3)-U(1)-O(4) 70.73(11) 
U(1)-O(8) 2.559(3) O(5)-U(1)-O(6) 49.54(10) 
U(1)-O(9) 2.549(3) O(8)-U(1)-O(9) 49.64(11) 
 
Table 4.5 Selected bond lengths [Å] and angles [°] for 4.CH2Cl2. 
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The ORTEP representation of 5.CH2Cl2 is presented in Figure 4.16. The crystal 
structure reveals two (salddt
(Et2N)2)
2-
 ligands bound to the uranyl through the 
phenolate oxygens. There are no additional ligands in the uranyl coordination 
environment, leading to an octahedral geometry. The uranium atom is located on a 
site of symmetry, with only one of the (salddt
(Et2N)2)
2-
 ligands being 
crystallographically independent. The U=O bond length (1.806(8) Å) and O=U=O 
bond angle (179.6(6) °) are within the typical range expected for many uranyl 
complexes.
[28]
 The U-Ophenolate bond distances (2.257(10) and 2.280(9) Å) lie within 
the range of U-Ophenolate bond distances obtained for uranyl complexes containing 
multidentate ligands (2.22 – 2.34 Å).[26,29-35] Selected bond lengths and angles for 
5.CH2Cl2 are listed in Table 4.6. 
 
 
Figure 4.16 ORTEP plot of [UO2(salddt
(Et2N)2H
*
2)2](TFSI)2.CH2Cl2 (5).CH2Cl2 
(hydrogen atoms, DCM molecule and TFSI anions omitted for clarity, with selected 
crystallographic numbering). 
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Bond Length [Å]  Bond Angle [°]  
U(1)-O(1) 1.806(8) O(1)-U(1)-O(1*) 179.6(6) 
U(1)-O(2) 2.280(9) O(1)-U(1)-O(3) 84.4(4) 
U(1)-O(3) 2.257(10) O(1*)-U(1)-O(3) 95.9(4) 
  O(3)-U(1)-O(3*) 83.5(5) 
  O(1)-U(1)-O(2) 92.6(4) 
  O(2)-U(1)-O(3) 95.3(3) 
  O(2)-U(1)-O(3*) 171.2(3) 
 
Table 4.6 Selected bond lengths [Å] and angles [°] for 5.CH2Cl2. 
 
ORTEP representations of 6.CH2Cl2 are presented in Figure 4.17 and these show the 
(salddt
(Et2N)2)
2- 
ligand binding to uranyl through each of the five N2O2S donor atoms. 
The ORTEP plots show how the sterically restricted ligand binds in such a way that 
all of the donors are effectively within the uranyl equatorial plane. 6.CH2Cl2 is only 
the sixth crystallographically characterised compound displaying thioether-{UO2}
2+
 
bonding interactions. The U=O bond distances (1.784(11) and 1.825(11) Å) and 
O=U=O bond angle (174.8(5) °) are within the range expected for many uranyl 
complexes.
[28]
 The U-S bond distance (2.942(4) Å) is comparable with the range 
reported for compounds displaying {UO2}
2+
-thioether interactions (2.95 – 
3.02 Å).
[11,13,15]
 The U-O and U-N bond distances in 6.CH2Cl2 (2.243(12) – 
2.244(12) Å and 2.544(15) – 2.547(15) Å) compare with the range reported for 
uranyl complexes containing multidentate Schiff base ligands (U-O: 2.22 – 2.34 Å 
and U-N: 2.51 - 2.66 Å).
[11,13,26,29-36] 
Selected bond lengths and angles for 6.CH2Cl2 
are listed in Table 4.7. 
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Figure 4.17 ORTEP plots of [UO2(salddt
(Et2N)2)].CH2Cl2 (6).CH2Cl2 (hydrogen 
atoms and DCM molecule omitted). Top plot: view along the O=U=O axis (with 
selected crystallographic numbering), bottom plot: view perpendicular to the 
O=U=O axis (Et2N groups have been removed for clarity). 
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Bond Length [Å]  Bond Angle [°]  
U(1)-O(1) 1.784(11) O(1)-U(1)-O(2) 174.8(5) 
U(1)-O(2) 1.825(11) O(1)-U(1)-O(3) 90.0(5) 
U(1)-O(3) 2.244(12) O(1)-U(1)-O(4) 91.7(5) 
U(1)-O(4) 2.243(13) O(2)-U(1)-O(3) 93.9(5) 
U(1)-N(2) 2.547(15) O(2)-U(1)-O(4) 91.6(5) 
U(1)-N(3) 2.544(15) O(3)-U(1)-O(4) 90.3(4) 
U(1)-S(1) 2.942(40) O(1)-U(1)-N(2) 92.4(5) 
  O(1)-U(1)-N(3) 88.8(5) 
  O(1)-U(1)-S(1) 80.8(3) 
  C(18)-S(1)-C(17) 104.1(9) 
 
Table 4.7 Selected bond lengths [Å] and angles [°] for 6.CH2Cl2. 
 
4.7 Electrochemistry 
The uranium centred redox processes for compounds 5 and 6 have been studied 
using cyclic voltammetry (CV). The relatively poor solubility of 4 in DCM did not 
allow the solution redox behaviour for this complex to be studied. The cyclic 
voltammograms of 5 have been studied in DCM using tetrabutylammonium 
bis-trifluoromethanesulfonimidate (0.1 M) as the electrolyte. The cyclic 
voltammograms of 6 have been recorded in DCM, DMSO and pyridine using 
tetrabutylammonium hexafluorophosphate (0.1 M) as the electrolyte. All reported 
potentials are internally referenced to the ferrocinium/ferrocene (Fc
+
/Fc) redox 
couple and cyclic voltammograms at various scan rates are included in the appendix, 
along with relevant electrochemical data. 
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Figure 4.18 Cyclic voltammogram of 5 from -0.80 to -1.80 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][TFSI] in DCM; 0.2 V s
-1
; initial scan direction cathodic; * indicates peak 
positions; # indicates secondary feature). 
 
The cyclic voltammogram (0.2 V s
-1
) of 5 recorded at room temperature in DCM is 
presented in Figure 4.18. The cathodic and anodic peaks are very broad, but peak 
positions can be assigned (*). The ipc/ipa ratio for this process remains very large over 
all measured scan rates (0.025 – 0.500 V s-1), which indicates irreversible behaviour, 
however a weak anodic peak on the reverse sweep is still observed. The ½(Epc+Epa) 
has been calculated from the two indicated peaks (*) as -1.47 V (vs. Fc
+
/Fc, 
0.2 V s
-1
) and is within the range reported for the {UO2}
2+
/{UO2}
+
 couple for uranyl 
complexes in non-aqueous media (-0.89 to -1.82 V vs. Fc
+
/Fc).
[37-42]
 A secondary 
cathodic peak, which is indicated on the voltammogram (#), lies at -1.15 V (vs. 
Fc
+
/Fc, 0.2 V s
-1
) and has no associated anodic peak. Similar uncoupled peaks have 
been observed in a study of [UO2(salen)(DMF)] (salen
2-
 = N,N’-disalicylidene-1,2-
ethylenediaminate), where an uncoupled peak is observed on the reverse sweep. The 
authors assign this to be due to the dissociation of one end of the salen ligand, 
resulting in salen binding to uranyl in a tridentate manner.
[40]
 These observations are 
similar to the CV behaviour of 5 and may suggest a partial ligand dissociation 
process occurs for 5 in the {UO2}
2+
 oxidation state. However, 5 has been shown to 
be stable with respect to ligand exchange by 
1
H NMR spectroscopy (Section 4.4.1). 
The 
1
H NMR spectra of 5 in C5D5N and (CD3)2SO show that 5 is unstable with 
-1.80 -1.60 -1.40 -1.20 -1.00 -0.80
Potential (V vs. Fc+/Fc)
* 
* 
# 
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respect to ligand exchange and dissociation. This may suggest that any ligand 
exchange processes for 5 could occur in DCM but it is too fast to be observed by 
NMR spectroscopy, which would support the CV behaviour seen for 5. 
The cyclic voltammograms (0.2 V s
-1
) of 6 recorded at room temperature in DCM, 
DMSO and py are presented in Figures 4.19 – 4.21, respectively. 
 
Figure 4.19 Cyclic voltammogram of 6 from -1.20 to -2.00 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in DCM; 0.2 V s
-1
; initial scan direction cathodic). 
 
Figure 4.20 Cyclic voltammogram of 6 from -1.20 to -2.00 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in DMSO; 0.2 V s
-1
; initial scan direction cathodic). 
-2.00 -1.80 -1.60 -1.40 -1.20
Potential (V vs. Fc+/Fc)
-2.00 -1.80 -1.60 -1.40 -1.20
Potential (V vs. Fc+/Fc) 
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Figure 4.21 Cyclic voltammogram of 6 from -1.20 to -2.00 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in py; 0.2 V s
-1
; initial scan direction cathodic). 
 
The cyclic voltammogram of 6, measured in DCM (Figure 4.19) shows a reversible 
redox process at -1.62 V (vs. Fc
+
/Fc, 0.2 V s
-1
). This process is assigned to the 
{UO2}
2+
/{UO2}
+
 redox couple and it remains reversible over all measured scan rates 
(0.025 – 0.500 V s-1). The position of the redox process is within the range for uranyl 
complexes containing Schiff base ligands (-1.55 to -1.82 V, vs. Fc
+
Fc),
[20]
 and 
slightly less negative than measured for 1 and 2 in DCM (both -1.79 V, vs. Fc
+
/Fc, 
0.2 V s
-1
). This suggests that 1 and 2 stabilise the {UO2}
2+
 oxidation state to a 
greater extent than 6, presumably due to the relative rigidity of the ligand backbone 
in 1 and 2 compared to 6. 
Figure 4.20 shows the cyclic voltammogram of 6, measured in DMSO and shows a 
reversible redox process, assigned to the {UO2}
2+
/{UO2}
+
 couple at -1.55 V 
(vs. Fc
+
/Fc, 0.2 V s
-1
). This process remains reversible, irrespective of scan rate and 
the position of this couple is slightly less negative than seen for 1 and 2 in DMSO 
(-1.66 V and -1.63 V vs. Fc
+
/Fc, 0.2 V s
-1
), but at the same position as 3 (-1.55 V vs. 
Fc
+
/Fc, 0.2 V s
-1
).  
The cyclic voltammogram in Figure 4.21 of 6 measured in py shows a reversible 
redox process at -1.56 V (vs. Fc
+
/Fc, 0.2 V s
-1
). This can be assigned to the 
-2.00 -1.80 -1.60 -1.40 -1.20
Potential (V vs. Fc+/Fc)
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{UO2}
2+
/{UO2}
+
 redox process and lies at a position slightly less negative than for 1, 
2 and 3 (-1.78 V, -1.79 V and -1.69 V vs. Fc
+
/Fc, 0.2 V s
-1
), respectively.  
 
Table 4.8 summarises the formal redox half potentials (vs. Fc
+
/Fc) for the 
{UO2}
2+
/{UO2}
+
 couple, which have been recorded for 6 at 0.2 V s
-1
 in different 
solvents and compared to the values obtained for 1 - 3. 
 
Compound Solvent 
DCM DMSO Py 
[UO2(saldien
(Et2N)2)] (1) -1.79* -1.66 -1.78 
[UO2(saldamp
(Et2N)2)] (2) -1.79* -1.63 -1.79 
[UO2(salterpy)] (3) N/A -1.55* -1.69 
[UO2(salddt
(Et2N)2)] (6) -1.62 -1.55 -1.56 
 Note: * indicates ½(Epc + Epa) for irreversible processes. 
Table 4.8 Formal redox half potentials (V vs. Fc
+
/Fc) for {UO2}
2+
/{UO2}
+
 couple in 
1 - 3 and 6 (0.2 V s
-1
, 0.1 M [Bu4N][PF6] as electrolyte). 
 
The summarised data in Table 4.8 indicates that 6 exhibits similar behaviour to 
compounds 1 - 3 with respect to solvent dependency. The position of the 
{UO2}
2+
/{UO2}
+
 couple  shifts by up to 0.07 V with solvent, although this shift is 
not as large as observed for 1 - 3 (~0.16 V), or [UO2(salmnt
(Et2N)2)(L)] 
((salmnt
(Et2N)2)
2- = 2,3-bis[(4-diethylamino-2-hydroxybenzylidene)amino]but-2-
enedinitrile, L = py, DMSO, DMF and triphenylphosphine oxide (TPPO)) 
(~0.2 V).
[20]
 The position of the redox half potentials for 6 are comparable to those 
obtained for 3. The position of these half potentials are generally at a less negative 
potential than that of 1 and 2. This suggests that the rigid nature of the ligand 
backbones in 3 and 6 stabilises the {UO2}
2+
 oxidation state to a lesser extent than 1 
and 2, which possess more flexible ligand environments. 
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4.8 Summary 
Utilising the novel salddt
(Et2N)2H2 pro-ligand and subtle modification to the synthetic 
conditions has resulted in the preparation of [UO2(salddt
(Et2N)2H
*
2)(NO3)2] (4), 
[UO2(salddt
(Et2N)2H
*
2)2](TFSI)2 (5) and [UO2(salddt
(Et2N)2)] (6). This demonstrates 
that the use of a ligand where the donor environment is not pre-organised for uranyl 
binding, may result in the isolation of numerous species being possible. These 
observations indicate the difficulty in obtaining a pure [UO(salaes
(Et2N)2)] species in 
solution.  
 
Characterisation by X-Ray crystallography reveals the (salddt
(Et2N)2)
2-
 ligand binding 
to uranyl through solely the phenolate groups, in the case of 4 and 5, and through all 
the donor atoms in the N2O2S cavity for 6. The crystal structure of 6 presents a rare 
{UO2}
2+
-thioether interaction. 
 
The solution state behaviour of 5 and 6 has been studied by NMR spectroscopy. 5 
exhibits dynamic exchange on the NMR timescale in DCM and in more coordinating 
solvents (DMSO and py) undergoes ligand exchange. 6 exhibits stability with 
respect to ligand exchange or rearrangement in various solvents (DCM, DMSO and 
py), which is comparable to the behaviour of 1 - 3. 
 
The electrochemical behaviour of 5 and 6 has been studied using cyclic 
voltammetry. It appears that 5 undergoes ligand exchange or rearrangement in DCM 
at a rate comparable to that of the voltammetry experiment. 6 has been found to be 
stable, with respect to ligand exchange, in various solvents. The position of the 
formal reduction potential for the {UO2}
2+
/{UO2}
+ 
couple has been found to be 
subtly dependent on solvation. This will allow the outer-sphere effects of solvation 
to be studied, with respect to the position and reversibility of the {UO2}
2+
/{UO2}
+ 
couple. This will allow the study of outer sphere solvation effects with respect to 
variation in the ligand donor set. 
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Synthesis and Characterisation of Uranyl Bipyridine 
Complexes 
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5.1 Introduction 
An extensive study of the structural and solution-state behaviour of {UO2}
2+
 
complexes with tetradentate Schiff base ligands has been reported, as described in 
Section 1.5.3. There has been prior studies of the solution and solid-state behaviour 
of uranyl complexes containing relatively rigid tetradentate ligands, such as 
salophen
2-
. This has lead to the isolation of a bis(uranyl) complex, [UO2(salophen)]2 
(see Figure 1.14, Chapter 1), formed by desolvation of the monometallic precursor, 
[UO2(salophen)(DMSO)]. 
 
In Chapter 3, the synthesis and study of [UO2(salterpy)] (3), incorporating the rigid 
(salterpy)
2-
 ligand was presented. This chapter focuses on the formation of a series of 
{UO2}
2+
 complexes with a rigid tetradentate analogue of salterpyH2, namely 
salbipyH2 (Figure 5.1), by controlled ligand exchange. The synthesis and 
spectroscopic behaviour of these complexes is discussed in order to determine 
whether the rigidity of the immediate ligand environment affects the solution, 
spectroscopic and redox behaviour of the resulting uranyl complexes. These are 
compared with the properties of {UO2}
2+
 complexes containing other tetradentate 
Schiff base ligands (e.g. salen
2-
 and salophen
2-
). 
 
 
Figure 5.1 Tetradentate salbipyH2 pro-ligand reported in this chapter. 
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5.2 Ligand Synthesis and Characterisation 
5.2.1 Synthesis of 6,6’-bis(2-hydroxyphenyl)-2,2’-bipyridine – salbipyH2 
The synthesis of the title compound was prepared via a palladium catalysed Suzuki 
coupling reaction between 6,6‟-dibromo-2,2‟-bipyridine and 2-hydroxyphenyl 
boronic acid.
[1] 
 6,6‟-Dibromo-2,2‟-bipyridine was prepared following a reported 
synthesis.
[2]
  The reaction scheme is illustrated in Scheme 5.1. 
 
 
Scheme 5.1 Synthesis of 6,6‟-bis(2-hydroxyphenyl)-2,2‟-bipyridine – salbipyH2. 
 
A mixture of 6,6‟-dibromo-2,2‟-bipyridine (0.50 g, 1.59 mmol), 2-hydroxyphenyl 
boronic acid (0.44 g, 3.18 mmol) and potassium carbonate (0.50 g, 3.62 mmol) were 
dissolved in a mixture of 1,2-dimethoxyethane/water (28 mL/3 mL) and degassed 
with argon. Tetrakis(triphenylphosphine) palladium(0) (0.10 g, 0.08 mmol) was 
added and the mixture heated to 80
 
°C for 18 h under argon. After cooling, the 
mixture was diluted with ethyl acetate/water (15 mL/15 mL) and the organic phase 
was separated, dried over magnesium sulfate, filtered and dried in vacuo. A cream 
solid was isolated which was washed with acetone (2 mL) and air dried (0.24 g, 
44 %).  
Anal. Calcd for [C22H16N2O2].(H2O)0.5 : C: 75.62; H: 4.91; N: 8.02 %. Found: C: 
75.95; H: 4.75; N: 8.04 %. 
1
H NMR (400 MHz, CDCl3) δH: 6.99 (dt, 2H, Ph-H, J = 
6,6‟-Dibromo-2,2‟-bipyridine salbipyH2 
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7.2, 1.2 Hz); 7.09 (dd, 2H, Ph-H, J  = 8.0, 1.2 Hz); 7.38 (dt, 2H, Ph-H, J = 7.2, 
1.6 Hz); 7.89 (dd, 2H, Ph-H, J = 7.2, 1.6 Hz); 8.00 – 8.10 (m, 4H, Ph(py)-H); 8.15 
(dd, 2H, Ph(py)-H, J = 8.0, 1.6 Hz); 13.36 (s, 2H, OH) ppm. 
13
C NMR (100 MHz, 
CDCl3) δC: 117.7, 119.2, 119.3 (Ar-H); 119.9 (Ar); 121.5, 128.0, 131.5, 139.6 
(Ar-H); 152.0, 156.8 (Ar); 158.3 (Ph-O) ppm. Raman spectrum (solid state, cm
-1
): 
1603 (s, C=N); 1567 (m, C=C); 1486 (m, C=C). IR spectrum (ATR, cm
-1
): 1579 (m, 
C=N); 1560 (m, C=C); 1505 (w, C=C). ESI-MS (-ve ion) m/z = 339 (M-H
+
). UV-vis 
spectrum ((CD3)2SO): λmax = 320 nm (εmax = 31500 M
-1
 cm
-1
). 
 
5.3 Synthesis and Characterisation of  Uranyl Complexes 
5.3.1 Synthetic Procedures 
5.3.1.1 Synthesis of [UO2(salbipy)(DMSO)] (7) 
A solution of uranyl nitrate hexahydrate (0.15 g, 0.30 mmol) in DMSO (20 mL) was 
slowly added to a solution of salbipyH2 (0.10 g, 0.30 mmol) in DMSO (20 mL) and 
the mixture was heated at 80 °C for 2 hours. After cooling, the orange solution was 
concentrated in vacuo. Orange single crystals of 7 were grown over several weeks by 
the slow evaporation of a concentrated DMSO solution of 7 at 20 °C (0.102 g, 
53 %). 
Anal. Calcd for [C24H20N2O5SU]: C: 41.97; H: 2.94; N: 4.08; U: 34.69 %. Found: C: 
41.17; H: 2.91; N: 3.94; U: 34.10 %. 
1
H NMR (400 MHz, (CD3)2SO)) δH: 2.54 (s, 
6H, CH3); 6.69 (td, 2H, Ph-H, J = 7.8, 0.8 Hz); 7.06 (dd, 2H, Ph-H, J = 7.8, 0.8 Hz); 
7.44 (td, 2H, Ph-H, J = 7.8, 1.6 Hz); 7.65 (dd, 2H, Ph-H, J = 7.8, 1.6 Hz); 8.23 (d, 
2H, Ph(py)-H, J = 7.6 Hz); 8.42 (t, 2H, Ph(py)-H, J = 7.6 Hz); 8.75 (d, 2H, Ph(py)-H, 
J = 7.6 Hz) ppm. 
13
C NMR (100 MHz, (CD3)2SO)) δC: 117.7, 119.4, 121.2, 126.9 
(Ar-H); 128.0 (Ar); 129.8, 131.6, 141.5 (Ar-H); 155.7, 160.6 (Ar); 167.0 (Ph-O) 
ppm.  Raman spectrum (solid state, cm
-1
): 1594 (m, C=N); 1570 (m, C=C); 1552 (m, 
C=C); 1481 (w, C=C); 1462 (m, C=C); 809 (s, O=U=Oν1). IR spectrum (ATR, cm
-1
): 
1589 (m, C=N); 1570 (m, C=C); 1552 (m, C=C); 1481 (w, C=C); 1462 (m, C=C); 
892 (s, O=U=Oν3), 810 (s, O=U=Oν1). UV-vis spectrum ((CH3)2SO): λmax = 322 nm 
(εmax = 27600 M
-1
 cm
-1
). 
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5.3.1.2 Synthesis of [UO2(salbipy)(py)] (8) 
A solution of uranyl nitrate hexahydrate (0.30 g, 0.588 mmol) in pyridine (20 mL) 
was slowly added to a solution of salbipyH2 (0.20 g, 0.588 mmol) in pyridine 
(20 mL) and the mixture was heated at reflux for 4 h. After cooling, the orange 
solution was concentrated in vacuo. Orange single crystals of 8 were grown over 
several weeks by the slow evaporation of a concentrated py solution of 8 at 20 °C 
(0.242 g, 60 %).  
Anal. Calcd for [C27H19N3O4U]: C: 47.15; H: 2.79; N: 6.11; U: 34.64 %. Found: C: 
46.94; H: 2.63; N: 5.88; U: 34.50 %. 
1
H NMR (400 MHz, C5D5N) δH: 6.89 (t, 2H, 
Ph-H, J = 7.6 Hz); 7.43 (d, 2H, Ph-H, J = 7.6 Hz); 7.62 (t, 2H, Ph-H, J = 7.6 Hz); 
7.84 (d, 2H, Ph-H, J = 7.6 Hz); 8.07 (t, 2H, Ph(py)-H, J = 8.0 Hz); 8.13 (d, 2H, 
Ph(py)-H, J = 8.0 Hz); 8.41 (d, 2H, Ph(py)-H, J = 8.0 Hz) ppm. 
13
C NMR (100 MHz, 
C5D5N) δ: 118.9, 120.4, 121.4, 127.4 (Ar-H); 128.0 (Ar); 130.9, 132.6, 141.0 
(Ar-H); 156.9, 162.3 (Ar); 168.8 (Ph-O) ppm. Raman spectrum (solid state, cm
-1
): 
1593 (m, C=N); 1571 (m, C=C); 1554 (m, C=C); 1482 (m, C=C); 1476 (w, C=C); 
807 (s, O=U=O ν1). IR spectrum (ATR, cm
-1
): 1590 (m, C=N); 1571 (m, C=C); 1553 
(m, C=C); 1482 (w, C=C); 1459 (m, C=C); 886 (s, O=U=Oν3); 804 (s, O=U=Oν1). 
UV-vis spectrum (C5H5N): λmax = 325 nm (εmax = 24100 M
-1
 cm
-1
). 
 
5.3.1.3 Synthesis of [UO2(salbipy)(DMF)] (9) 
A solution of uranyl nitrate hexahydrate (0.217 g, 0.433 mmol) in DMF (20 mL) was 
slowly added to a solution of salbipyH2 (0.147 g, 0.433 mmol) in DMF (10 mL) and 
the mixture was heated at 110 °C for 3 h. After cooling, the orange solution was 
concentrated in vacuo. Orange single crystals of 9 were grown over several weeks by 
the slow evaporation of a concentrated DMF solution of 9 at 20 °C (0.118 g, 41 %).  
Anal. Calcd for [C25H21N3O5U]: C: 44.04; H: 3.11; N: 6.17; U: 34.94 %. Found: C: 
43.50; H: 2.85; N: 6.28; U: 34.19 %. 
1
H NMR (400 MHz, (CD3)2NCOD) δH: 6.72 
(td, 2H, Ph-H, J = 7.4, 1.2 Hz); 7.10 (dd, 2H, Ph-H, J = 7.4, 1.2 Hz); 7.46 (td, 2H, 
Ph-H, J = 7.4, 1.6 Hz); 7.73 (dd, 2H, Ph-H, J = 7.4, 1.6 Hz); 8.32 (d, 2H, Ph(py)-H, 
J = 8.0 Hz); 8.48 (t, 2H, Ph(py)-H, J = 8.0 Hz); 8.83 (d, 2H, Ph(py)-H, J = 8.0 Hz) ppm. 
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13
C NMR (100 MHz, (CD3)2NCOD) δC: 117.9, 120.4, 121.5, 127.3 (Ar-H); 127.5 
(Ar); 130.2, 131.9, 141.6 (Ar-H); 156.6, 161.3 (Ar); 168.0 (Ph-O) ppm. Raman 
spectrum (solid state, cm
-1
): 1593 (m, C=N); 1572 (m, C=C); 1555 (m, C=C); 1482 
(w, C=C); 1463 (w, C=C); 808 (s, O=U=Oν1). IR spectrum (ATR, cm
-1
): 1590 (m, 
C=N); 1573 (m, C=C); 1554 (m, C=C); 1483 (w, C=C); 1461 (s, C=C); 890 (m, 
O=U=Oν3); 806 (w, O=U=Oν1). UV-vis spectrum ((CH3)2NCOH): λmax = 323 nm 
(εmax = 21200 M
-1
 cm
-1
). 
 
5.3.1.4 Synthesis of [(UO2(salbipy))2(4,4’-bipy)] (10) 
A solution of uranyl nitrate hexahydrate (0.11 g, 0.211 mmol) in methanol was 
slowly added to a solution of salbipyH2 (0.08 g, 0.211 mmol) in methanol and the 
mixture was gently heated at 60 °C for 2 h with stirring. After cooling to room 
temperature, an orange precipitate, presumably [UO2(salbipy)(MeOH)], was isolated 
by filtration, washed with methanol (5 mL) and dried in vacuo (0.048 g). A solution 
of 4,4‟-bipyridine (0.12 g, 0.76 mmol) in methanol (10 mL) was slowly added to a 
refluxing mixture of [UO2(salbipy)(MeOH)] (0.048 g, 0.076 mmol) in methanol 
(20 mL). The mixture was heated at reflux for 2 h and the mixture filtered whilst hot. 
Orange single crystals of 10 were grown over several weeks from a concentrated 
solution of 10 in methanol at 5 °C (0.017 g, 17 %). 
Anal. Calcd for [C54H36N6O8U2]: C: 47.22; H: 2.64; N: 6.12; U: 34.69 %. Found: C: 
47.36; H: 2.60; N: 5.95; U: 34.81 %. Raman spectrum (solid state, cm
-1
): 1593 (s, 
C=N); 1572 (s, C=C); 1555 (m, C=C); 1480 (m, C=C); 1461 (w, C=C); 806 (s, 
O=U=Oν1). IR spectrum (ATR, cm
-1
): 1590 (m, C=N); 1552 (m, C=C); 1480 (m, 
C=C); 1461 (w, C=C); 892 (s, O=U=Oν3); 806 (s, O=U=Oν1). 
 
5.3.2 Discussion 
The synthesis of uranyl complexes [UO2(salbipy)(X)] (X= DMSO (7), py (8), DMF 
(9)) were found to readily form by heating salbipyH2 with uranyl nitrate in the 
relevant coordinating solvent. It was found not to be necessary to deprotonate the 
phenols prior to addition of uranyl. Attempts to isolate the methanol-bound 
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intermediate [UO2(salbipy)(MeOH)] were unsuccessful due to relatively low 
solubility of “[UO2(salbipy)(X)]” compounds in non-coordinating solvents. 
Compounds 7 - 9 could also be obtained by controlled ligand exchange of an 
intermediate compound, thought to be [UO2(salbipy)(MeOH)], in the relevant 
coordinating solvent. There was no evidence to suggest the formation of a phenolate-
bridged dimetallic species, [UO2(salbipy)]2. A phenolate-bridged uranyl species has 
been previously obtained using the salophen ligand [UO2(salophen)2].
[3]
 Reaction of 
the “[UO2(salbipy)(MeOH)]” intermediate in the presence of an excess of 4,4‟-
bipyridine afforded compound 10, [(UO2(salbipy)2(4,4‟-bipy)]. Single crystals of 
7 - 10 were obtained by slow evaporation of concentrated solutions of the 
compounds. The solubility of 7 - 9 was sufficient solely in the solvent which 
occupies the fifth donor site, to enable solution state analysis by 
1
H and 
13
C NMR. 
 
5.4 Solution Spectroscopy 
5.4.1 Nuclear Magnetic Resonance Spectroscopy 
The 
1
H and 
13
C NMR spectra have been recorded for salbipyH2 in CDCl3; 7 in 
(CD3)2SO; 8 in C5D5N and 9 in (CD3)2NCOD. 
1
H or 
13
C NMR spectra could not be 
obtained for 10 due to the poor solubility in non-coordinating solvents. 10 was found 
to form monometallic complexes in coordinating solvents. 
The 
1
H NMR spectrum of salbipyH2 is presented in Figure 5.2 and shows four peaks 
between 6.90 and 7.90 ppm, these can be assigned to the protons on the phenyl rings. 
There are several, overlapping signals in the range 8.00 to 8.15 ppm, corresponding 
to protons on the pyridyl rings. There is a singlet at 13.4 ppm, which corresponds to 
the phenolic protons. 
The 
13
C NMR spectrum of salbipyH2 in CDCl3 displays ten signals in the range 
117.7 to 156.8 ppm, corresponding to the carbon atoms on the phenyl and pyridyl 
rings. The signal due to the phenolate carbon is seen at 158.3 ppm.  
Chapter 5 – Uranyl Bipy 
 
172 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2 Annotated 
1
H NMR spectrum of (6.8 – 8.3 ppm) and (14.1 – 14.0 ppm) of salbipyH2 in CDCl3 at 298 K. Note: Residual solvent 
signal (*). 
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The 
1
H NMR spectrum of 7 in (CD3)2SO is presented in Figure 5.3. The spectrum 
shows a peak at 2.54 ppm, due to the methyl protons on the coordinated DMSO 
molecule. This suggests that there is no exchange of the coordinated DMSO 
molecule with the bulk solvent. However, if exchange does occur it does so at a rate 
that is slower than the timescale of the experiment. There are four peaks assigned to 
the protons in the phenyl rings between 6.60 and 7.70 ppm. These are shifted slightly 
upfield compared to the
 1
H NMR spectrum of salbipyH2 (6.90 to 7.90 ppm). The 
1
H 
NMR spectrum of 7 shows three signals, due to the phenyl protons between 8.20 and 
8.80 ppm. These signals are shifted downfield relative to the signals in the 
1
H NMR 
spectrum of salbipyH2, 8.00 to 8.15 ppm. There is an absence of the peak attributable 
to the phenolate protons (13.4 ppm), which confirms binding of uranyl through the 
phenolate donors. 
The 
13
C NMR spectrum of 7 provides evidence of binding to uranyl in solution. The 
signal attributable to the phenolate carbon (167.0 ppm) is shifted significantly 
downfield from the comparable signal in the 
13
C NMR spectrum of salbipyH2 
(158.3 ppm). The remaining signals in the 
13
C NMR spectrum of 7 (117.7 to 
160.6 ppm) present only a slight downfield shift, when compared to the signals in 
salbipyH2 (117.7 to 156.8 ppm). 
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Figure 5.3 Annotated 
1
H NMR spectrum (2.0 – 4.0 ppm) and (6.5 – 9.0 ppm) of [UO2(salbipy)(DMSO)] (7) in (CD3)2SO at 298 K. Note: 
Residual solvent signal (*) and HDO signal (#). 
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The 
1
H NMR spectrum of 8 recorded in C5D5N is presented in Figure 5.4. The 
1
H 
NMR spectrum displays four signals in the range 6.85 – 7.90 ppm, assigned to the 
protons on the phenyl rings. These are in a similar range compared to signals in the 
1
H NMR spectrum of salbipyH2 (6.90 to 7.90 ppm). The remaining three signals in 
the range 8.00 to 8.45 ppm are attributable to the protons on the pyridyl rings (from 
(salbipy)
2-
) and are slightly shifted downfield when compared to salbipyH2 (8.00 to 
8.15 ppm). There is an absence of a peak at 13.4 ppm, therefore binding to uranyl 
has occurred through the phenolate groups. 
The 
13
C NMR spectrum of 8 displays ten signals in the range 118.9 to 162.3 ppm, 
and the peak assigned to the phenolate carbon at 168.8 ppm. The signal from the 
phenolate carbon is shifted downfield relative to salbipyH2 (158.3 ppm), confirming 
binding of uranyl through the phenolate groups. The remaining signals are in a range 
comparable to that of salbipyH2 (117.1 to 156.8 ppm). 
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Figure 5.4 Annotated 
1
H NMR spectrum (6.7 – 9.0 ppm) of [UO2(salbipy)(py)] (8) in C5D5N at 298 K. Note: Residual solvent signals (*). 
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The 
1
H NMR spectrum of 9 in (CD3)2NCOD is presented in Figure 5.5 and shows 
four peaks in the range 6.65 to 7.75 ppm, assigned to the protons on the phenyl rings. 
There are three peaks in the range 8.30 to 8.85 ppm, which correspond to the protons 
on the pyridyl rings. There is an absence of a signal due to the phenolate protons at 
around 13.4 ppm, therefore the uranyl has bound through the phenolate groups.  
The 
13
C NMR spectrum of 9 displays a signal at 168.0 ppm due to the phenolate 
carbon. This is shifted downfield relative to salbipyH2 (158.3 ppm), confirming 
uranyl binding through the phenolate groups. Ten signals are observed in the range 
117.9 to 161.3 ppm due to the remaining carbon environments. These are in 
comparable positions to that of salbipyH2 (117.1 to 156.8 ppm). 
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Figure 5.5 Annotated 
1
H NMR spectrum (6.5 – 9.0 ppm) of [UO2(salbipy)(DMF)] (9) in (CD3)2NCOD at 298 K. Note: Residual solvent signal 
(*).
UO2salbpy(DMF) dmf.esp
8.5 8.0 7.5 7.0 6.5
 
 
Chemical Shift (ppm) 
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5.4.2 Electronic Absorption Spectroscopy 
The electronic absorption spectra for salbipyH2 and complexes 7 - 9 are presented in 
Figure 5.6. The electronic absorption spectra for salbipyH2 and 7 were recorded in 
DMSO; 8 was recorded in py and 9 was recorded in DMF. 
 
 
 
Figure 5.6 Electronic absorption spectra (300 – 600 nm) for salbipyH2 and 7 
(DMSO); 8 (py) and 9 (DMF). 
 
The absorption spectra for salbipyH2 and compounds 7 - 9 all display intense 
absorption bands arising from intramolecular (π - π*) transitions. The absorption 
bands for the uranyl complexes (7 - 9) are broad and red-shifted in comparison to 
salbipyH2. The molar extinction coefficient maxima (εmax) for 7 - 9 are 27600, 24100 
and 21200 M
-1
 cm
-1
, repectively. These are slightly lower than the εmax obtained for 
salbipyH2 (31500 M
-1
 cm
-1
), which indicates slight disruption of the π – framework 
when bound to uranyl. 
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5.5 Vibrational Spectroscopy 
The solid state mid-infrared and Raman spectra for compounds 7 - 10 are shown in 
Figures 5.7 to 5.10, respectively. In each case, spectra were recorded using 
crystalline samples. The relative intensities of each pair of spectra is arbitrary and 
comparative vibrations are summarised in Table 5.1. 
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Figure 5.7 Mid-infrared ATR (red line) and Raman (black line) spectra (700 – 1700 cm-1) of crystalline [UO2(salbipy)(DMSO)] (7). 
Note: Complementary O=U=O ν1 bands observed in IR and Raman as indicated (arrow). 
70080090010001100120013001400150016001700
Wavenumber (cm
-1
) 
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Figure 5.8 Mid-infrared ATR (red line) and Raman (black line) spectra (700 – 1700 cm-1) of crystalline [UO2(salbipy)(py)] (8). 
Note: Complementary O=U=O ν1 bands observed in IR and Raman as indicated (arrow). 
70080090010001100120013001400150016001700
Wavenumber (cm
-1
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Figure 5.9 Mid-infrared ATR (red line) and Raman (black line) spectra (700 – 1700 cm-1) of crystalline [UO2(salbipy)(DMF)] (9). 
Note: Complementary O=U=O ν1 bands observed in IR and Raman as indicated (arrow). 
70080090010001100120013001400150016001700
Wavenumber (cm
-1
) 
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Figure 5.10 Mid-infrared ATR (red line) and Raman (black line) spectra (700 – 1700 cm-1) of crystalline [(UO2(salbipy))2(4,4‟-bipy)] (10). 
Note: Complimentary O=U=O ν1 bands observed in IR and Raman as indicated (arrow).
70080090010001100120013001400150016001700
Wavenumber (cm
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Compound 
 
Vibration Technique Wavenumber / 
cm
-1 
salbipyH2 ν1(O=U=O) IR - 
  Raman - 
 ν3(O=U=O) IR - 
  Raman - 
 ν(C=N) IR 1579(m) 
  Raman 1603(s) 
[UO2(salbipy)(DMSO) (7) ν1(O=U=O) IR 810(s) 
  Raman 809(s) 
 ν3(O=U=O) IR 892(s) 
  Raman - 
 ν(C=N) IR 1589(m) 
  Raman 1594(m) 
[UO2(salbipy)(py) (8) ν1(O=U=O) IR 804(s) 
  Raman 807(s) 
 ν3(O=U=O) IR 886(s) 
  Raman - 
 ν(C=N) IR 1590(m) 
  Raman 1593(m) 
[UO2(salbipy)(DMF)] (9) ν1(O=U=O) IR 806(m) 
  Raman 808(s) 
 ν3(O=U=O) IR 890(m) 
  Raman - 
 ν(C=N) IR 1590(m) 
  Raman 1593(m) 
[(UO2(salbipy))2(4,4‟-bipy)] (10) ν1(O=U=O) IR 806(s) 
  Raman 806(s) 
 ν3(O=U=O) IR 892(s) 
  Raman - 
 ν(C=N) IR 1590(m) 
  Raman 1593(s) 
Notes: „- not observed; (s) strong; (m) medium. 
Table 5.1 Selected infrared and Raman vibrations (cm
-1
) for salbipyH2 and 7 - 10. 
 
5.5.1 O=U=O Vibrations in Compounds 7 - 10 
Compounds 7 - 10 have measured O=U=O ν1 bands at 809, 807, 808, 806 cm
-1
, 
respectively. These values are slightly lower than typical of uranyl complexes with 
tetradentate Schiff base ligands, which are in the range 811 – 843 cm-1,[4,5] but are 
slightly higher than the O=U=O ν1 stretches for 1 - 3 (802 – 805 cm
-1
). Changing the 
monodentate equatorial ligand in these systems has negligible influence on the 
strength of the O=U=O ν1 band. 
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The measured O=U=O ν3 bands for compounds 7 - 10 are 892, 886, 890, 892 cm
-1
, 
respectively. There is very little difference between these values when experimental 
error is taken into account (4 cm
-1
). These values are characteristic of many uranyl 
complexes that contain tetradentate Schiff base ligands, 881 – 927 cm-1.[4-7] The 
O=U=O ν1 stretch is also present in the infrared spectra, displayed in Figures 5.6 to 
5.9 and has been observed for many uranyl salts,
[8]
 uranyl Schiff base complexes
[4]
 
and uranyl β-diketones.[9] It has been suggested that this phenomenon arises due to 
non-linearity in the O=U=O moiety.
[9]
 Structural evidence (Section 5.6) however, 
shows O=U=O bond angles that deviate only very slightly from linearity. It is more 
likely that the lowered symmetry of the ligand environment around the uranyl 
equatorial plane in the solid state (see Section 5.6) influences the polarisability of the 
O=U=O group, resulting in the observed vibrational behaviour. 
 
5.6 Crystallographic Studies 
The structures for compounds 7 - 9 reveal monomeric uranyl(VI) complexes where 
the metal is situated within the N2O2 cavity of the (salbipy)
2-
 ligand. The 
coordination environment of the metal is saturated by a monodentate ligand: DMSO, 
py and DMF for 7, 8 and 9, respectively. In the case of 10 a dimetallic uranyl (VI) 
complex is formed, with the 4,4‟-bipyridine acting as the monodentate ligand 
between two {UO2(salbipy)} units. In structures 7 - 10 pentagonal bipyramidal 
geometry is observed. Selected crystal data are listed in Table 5.2, with full 
crystallographic details on the accompanying compact disc. 
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Table 5.2 Selected crystallographic data for compounds 7 - 10. 
 
The ORTEP representations of 7 - 9 are presented in Figures 5.11 to 5.13, 
respectively. The donor atoms of the (salbipy)
2-
 ligand and the bound mondentate 
ligand occupy positions within the uranyl equatorial plane. The two phenolic rings 
twist relative to the bipyridine backbone by dihedral angles of 44.6(7) and 43.4(7) ° 
(7); 46.1(11) and 44.3(11) ° (8) and 39.9(14) and 44.7(13) ° (9). The rigid nature of 
the bipyridine backbone results in the (salbipy)
2-
 ligand to adopt a “boat” 
conformation in the solid state. These observations are analogous to the structural 
characteristics of uranyl complexes with the tetradentate (salophen)
2- 
ligand 
(salophen
2-
 = N,N’-disalicylidene-1,2-phenyldiaminate), which incorporates a rigid 
 
 
[UO2(salbipy)(DMSO)] (7) [UO2(salbipy)(py)] (8)  [UO2(salbipy)(DMF)] (9) [(UO2(salbipy))2(4,4‟-bipy)] (10) 
Empirical 
Formula 
C24H20N2O5SU C27H19N3O4U  C25H21N3O5U C54H36N6O8U2 
Formula 
Weight 686.51 687.48 681.48 915.30 
Crystal 
System Orthorhombic Monoclinic Orthorhombic 
 
Monoclinic 
Space 
Group Pbca P 21/c Pbca P21 
a (Å) 13.467(5) 11.8130(10) 13.995(5) 14.2702(17) 
b (Å) 12.343(5) 7.5102(6) 11.923(5) 10.9512(13) 
c (Å) 27.449(5) 25.817(2) 26.554(5) 29.187(4) 
α (°) 90 90 90 90 
β (°) 90 102.026(10) 90 90.027(2) 
γ (°) 90 90 90 90 
V (Å
3
) 4563(3) 2240.1(3) 4431(3) 4561.2(10) 
Z 8 4 8 6 
Dc (g/cm
3
) 1.999 2.038 2.043 1.999 
μ (mm-1) 7.245 7.287 7.370 7.158 
F(000) 2608 1304 2592 2600 
Index 
Ranges 
-16<=h<=16, 
-14<=k<=14,  
-33<=l<=33 
-14<=h<=14, 
-9<=k<=9,  
-31<=l<=30 
-18<=h<=13, 
-15<=k<=7, 
-17<=l<=33 
-16<=h<=16, 
-13<=k<=13, 
-34<=l<=34 
Total 
Number of 
Reflections 31678 15880 12677 32632 
Unique 
Reflections 4183 4079 5007 15731 
GOF 1.178 1.052 0.830 1.013 
R(F0) 0.0285 0.0364 0.0337 0.0348 
Rw 0.0397 0.0500 0.0860 0.0364 
Largest Diff. 
Peak and  
Hole 
0.878 and  
-1.464 e.Å
-3 
1.668 and  
-2.199 e.Å
-3 
1.429 and  
-1.396 e.Å
-3 
1.857 and 
-2.443 e. Å
-3
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phenylenediamine backbone.
[3,10,11] 
The range of U=O bond distances (1.770(4) – 
1.804(6) Å) and O=U=O bond angles (177.2(3) – 178.6(2) °) for 7 - 9 are typical for 
many uranyl complexes.
[12]
 The range of U-Osalbipy and U-Nsalbipy bond distances for 
7 - 9 (2.240(5) – 2.269(7) Å and 2.575(4) - 2.626(8) Å) compare with the range 
reported for uranyl complexes containing tetradentate Schiff base ligands (U-O: 2.22 
– 2.34 Å and U-N: 2.51 - 2.66 Å).[3,10,11,13-16] The U-ODMSO bond distance in 7 
(2.418(4) Å) falls within the typical range for uranyl complexes containing 
tetradentate Schiff base ligands with coordinated DMSO (2.38 – 2.43 Å).[3,4,17,18] The 
U-Npy bond distance in 8 (2.550(7) Å) is slightly shorter than the range for uranyl 
complexes containing tetradentate Schiff base ligands with a coordinated py 
molecule (2.58 - 2.65 Å).
[4,14,16,18,19]
 The U-ODMF bond distance in 9 (2.457(7) Å) is 
comparable to the range reported for DMF-coordinated uranyl complexes (2.39 – 
2.46 Å).
[3,4,15]
 Selected bond lengths and angles for 7 - 9 are listed in Tables 5.3 – 
5.5. 
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Figure 5.11 ORTEP plot of [UO2(salbipy)(DMSO)] (7) (hydrogen atoms omitted) 
view along the O=U=O axis (with selected crystallographic numbering).  
 
 
Bond Length [Å]  Bond Angle [°]  
U(1)-O(1) 1.778(4) O(1)-U(1)-O(2) 178.49(17) 
U(1)-O(2) 1.770(4) O(1)-U(1)-O(3) 90.12(15) 
U(1)-O(3) 2.244(3) O(1)-U(1)-O(4) 90.76(15) 
U(1)-O(4) 2.249(5) N(1)-U(1)-N(2) 62.18(13) 
U(1)-N(1) 2.575(4) N(1)-U(1)-O(3) 70.95(14) 
U(1)-N(2) 2.594(5) N(2)-U(1)-O(4) 70.94(13) 
U(1)-O(5) 2.418(4) O(3)-U(1)-O(5) 77.26(13) 
  O(4)-U(1)-O(5) 78.63(13) 
 
Table 5.3 Selected bond lengths [Å] and angles [°] for 7. 
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Figure 5.12 ORTEP plot of [UO2(salbipy)(py)] (8) (hydrogen atoms omitted) view 
along the O=U=O axis (with selected crystallographic numbering). 
 
 
Bond Length [Å]  Bond Angle [°]  
U(1)-O(1) 1.780(5) O(1)-U(1)-O(2) 178.6(2) 
U(1)-O(2) 1.791(5) O(1)-U(1)-O(3) 92.5(2) 
U(1)-O(3) 2.236(5) O(1)-U(1)-O(4) 88.6(2) 
U(1)-O(4) 2.240(5) N(1)-U(1)-N(2) 62.5(2) 
U(1)-N(1) 2.600(7) N(1)-U(1)-O(3) 72.5(2) 
U(1)-N(2) 2.580(7) N(2)-U(1)-O(4) 71.1(2) 
U(1)-N(3) 2.550(7) O(3)-U(1)-N(3) 78.0(2) 
  O(4)-U(1)-N(3) 76.4(2) 
 
Table 5.4 Selected bond lengths [Å] and angles [°] for 8. 
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Figure 5.13 ORTEP plot of [UO2(salbipy)(DMF)] (9) (hydrogen atoms omitted) 
view along the O=U=O axis (with selected crystallographic numbering). 
 
 
 
Bond Length [Å]  Bond Angle [°]  
U(1)-O(1) 1.784(6) O(1)-U(1)-O(2) 177.2(3) 
U(1)-O(2) 1.804(6) O(1)-U(1)-O(3) 91.8(3) 
U(1)-O(3) 2.252(6) O(1)-U(1)-O(4) 91.7(3) 
U(1)-O(4) 2.269(7) N(1)-U(1)-N(2) 62.2(2) 
U(1)-N(1) 2.626(8) N(1)-U(1)-O(3) 70.4(2) 
U(1)-N(2) 2.602(8) N(2)-U(1)-O(4) 72.6(3) 
U(1)-O(5) 2.457(7) O(3)-U(1)-O(5) 76.0(2) 
  O(4)-U(1)-O(5) 79.4(2) 
 
Table 5.5 Selected bond lengths [Å] and angles [°] for 9. 
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The ORTEP representation of 10, presented in Figure 5.14 shows two 
{UO2(salbipy)} fragments linked together with 4,4‟-bipyridine. The rigidity of the 
ligand backbone forces the “boat” conformer to be observed in each of the two 
{UO2(salbipy)} units and these are inverted relative to each other, although not 
related by symmetry. The two uranyl groups are parallel to one another and there is 
slight distortion of the 4,4‟-bipyridine linker from planarity (21.08 °). The U=O bond 
distances (1.762(8) and 1.790(9) Å) and O=U=O bond angles (177.3(4) and 
178.6(4) °) closely resemble the values obtained for 7 - 9 (1.770(4) – 1.804(6) Å) 
and most uranyl complexes.
[12]
 The U-Osalbipy and U-Nsalbipy bond distances in 10 
(U-O: 2.179(8) – 2.261(8) Å and U-N: 2.566(9) – 2.652(9) Å) closely resemble the 
range of values reported for uranyl complexes containing tetradentate Schiff base 
ligands (U-O: 2.22 – 2.34 and U-N: 2.51 – 2.66 Å).[3,10,11,13-16] The U-N4,4‟bipy bond 
distances in 10 (2.677(10) and 2.617(9) Å) are slightly longer than has been reported 
for uranyl complexes with coordinated 4,4‟-bipyridine, both in mono- and bidentate 
coordination modes (2.53 – 2.62 Å).[20] Selected bond lengths and angles for 10 are 
listed in Table 5.6. 
 
 
 
Figure 5.14 ORTEP plot of [(UO2(salbipy)2(4,4‟-bipy)] (10) (hydrogen atoms 
omitted) view nearly perpendicular to the O=U=O axes (with selected 
crystallographic numbering). 
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Bond Length [Å]  Bond Angle [°]  
U(1)-O(1) 1.768(8) O(1)-U(1)-O(2) 177.3(4) 
U(1)-O(2) 1.790(9) O(1)-U(1)-O(3) 91.9(3) 
U(1)-O(3) 2.212(8) O(1)-U(1)-O(4) 93.9(3) 
U(1)-O(4) 2.261(8) N(1)-U(1)-N(2) 63.8(3) 
U(1)-N(1) 2.627(9) N(1)-U(1)-O(3) 70.6(3) 
U(1)-N(2) 2.566(9) N(2)-U(1)-O(4) 71.4(3) 
U(1)-N(3) 2.677(10) O(3)-U(1)-N(3) 78.5(3) 
U(2)-O(5) 1.784(8) O(4)-U(1)-N(3) 75.4(3) 
U(2)-O(6) 1.762(8) O(5)-U(2)-O(6) 178.6(4) 
U(2)-O(7) 2.179(8) O(5)-U(2)-O(7) 87.8(3) 
U(2)-O(8) 2.233(8) O(5)-U(2)-O(8) 86.4(3) 
U(2)-N(5) 2.652(9) N(5)-U(2)-N(6) 63.9(3) 
U(2)-N(6) 2.570(9) N(5)-U(2)-O(7) 71.3(3) 
U(2)-N(4) 2.617(9) N(6)-U(2)-O(8) 70.9(3) 
  O(7)-U(2)-N(4) 77.2(3) 
  O(8)-U(2)-N(4) 77.1(3) 
 
Table 5.6 Selected bond lengths [Å] and angles [°] for 10. 
 
5.7 Electrochemistry 
The uranium centred redox processes of complexes 7 - 9 have been studied using 
cyclic voltammetry (CV). Due to the relatively poor solubility of 7 - 9 in non-
coordinating solvents, the cyclic voltammograms could only be recorded in DMSO 
(7); py (8) and DMF (9). The solubility of 9 in DMF was only sufficient to allow a 
concentration of 2 mM to be studied, solutions of 5 mM concentration were used for 
7 and 8. Tetrabutylammonium hexafluorophosphate (0.1 M) was used as the 
electrolyte in all measurements and reported potentials are internally referenced to 
the ferrocinium/ferrocene (Fc
+
/Fc) redox couple. Cyclic voltammograms at various 
scan rates are included in the appendix, with relevant electrochemical data. 
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The cyclic voltammogram (0.2 V s
-1
) of 7, recorded at room temperature in DMSO is 
presented in Figure 5.15. 
 
 
Figure 5.15 Cyclic voltammogram of 7 from -1.00 to -2.80 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in DMSO; 0.2 V s
-1
; initial scan direction cathodic). 
 
The cyclic voltammogram of 7 in DMSO show two redox features, the first at 
-1.61 V (vs. Fc
+
/Fc, 0.2 V s
-1
), the second at -2.32 V (vs. Fc
+
/Fc, 0.2 V s
-1
). The two 
redox couples are reversible over all measured scan rates (0.025 – 0.500 V s-1) and 
switching potentials. In both cases, the observed redox couples correspond to single-
electron processes. The redox couple that is centred at -1.61 V (vs. Fc
+
/Fc, 0.2 V s
-1
) 
lies within the range typically seen for the {UO2}
2+
/{UO2}
+
 couple with multidentate 
ligands in non-aqueous solvents (-1.36 to -1.82 V vs. Fc
+
/Fc).
[21-26]
 The position of 
the {UO2}
2+
/{UO2}
+
 redox couple in 7 is similar to those of reported complexes 
containing tetradentate Schiff base ligands; [UO2(salophen)(DMSO)], -1.55 V; 
[UO2(salen)(DMSO)], -1.57 V and [UO2(salmnt
(Et2N)2)(DMSO)], -1.66 V (all vs. 
Fc
+
/Fc) (salen
2-
 = N,N’-disalicylidene-1,2-ethylenediaminate, (salmnt(Et2N)2)2- = 2,3-
bis[(4-diethylamino-2-hydroxybenzylidene)amino]but-2-enedinitrile).
[4] 
-2.80 -2.60 -2.40 -2.20 -2.00 -1.80 -1.60 -1.40 -1.20 -1.00
Potential (V vs. Fc+/Fc)
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The redox feature at -2.32 V (vs. Fc
+
/Fc, 0.2 V s
-1
) is observed in a similar position 
to that of complex 3 (Section 3.7). It is likely that this redox couple is a one-electron 
ligand-based process. Goken and co-workers have observed similar behaviour with 
an analogous [Ni(salbipy)] complex and assign ligand-based behaviour.
[27]
 The study 
of [Ni(terpy)(Xyl)][PF6] (terpy = terpyridine, Xyl = xylyl) results in similar, ligand-
based behaviour due to radical formation on the terpyridine group.
[28]
 This 
observation support the assignment of the most negative redox couple for 7 in 
DMSO as a ligand-based process. 
 
The cyclic voltammogram (0.2 V s
-1
) of 8, recorded at room temperature in py is 
presented in Figure 5.16. 
 
 
 
Figure 5.16 Cyclic voltammogram of 8 from -1.20 to -2.60 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in py; 0.2 V s
-1
; initial scan direction cathodic; * indicates peak 
positions of minor process). 
 
The voltammogram of 8, presented in Figure 5.16 shows a process that is centred at 
-1.67 V (vs. Fc
+
/Fc, 0.2 V s
-1
) and is irreversible, however an anodic peak on the 
-2.60 -2.40 -2.20 -2.00 -1.80 -1.60 -1.40 -1.20
Potential (V vs. Fc+/Fc)
* 
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reverse sweep is still observed. This couple is attributable to the {UO2}
2+
/{UO2}
+
 
redox process and is at a similar potential to those of [UO2(salen)(py)], -1.61 V; 
[UO2(salophen)(py)], -1.57 V and [UO2(salmnt
(Et2N)2)(py)], -1.79 V (vs. Fc
+
/Fc).
[4]
  
There is a redox couple at -2.36 V (vs. Fc
+
/Fc, 0.2 V s
-1
), which is reversible over all 
measured scan rates (0.025 – 0.500 V s-1) and assignable to a ligand-based process. 
In addition to the two main features in the voltammogram of 8, there is a couple (as 
indicated *) centred at -1.97 V (vs. Fc
+
/Fc, 0.2 V s
-1
) of weaker relative intensity. 
The position of this feature remains consistent over varying scan rates and switching 
potentials. It has been suggested that for the [UO2(β-diketonate)2(DMF)] complex, 
the monodentate DMF molecule can dissociate on the timescale of the experiments 
resulting in a [UO2(β-diketonate)2] complex.
[29]
 This could explain the similar 
observations of 8 in py. The position of this couple probably excludes the possibility 
of the presence of a lower denticity form, as seen in the case of 5.
[24]
 It is also 
unlikely that the couple corresponds to the formation of a phenolate-bridged dimer 
[UO2(salbipy)]2, as 
1
H NMR studies gave no indication of such species.
[3]
 The 
voltammogram of 2 in py (Figure 3.21) displays a similar feature at -2.11 V (vs. 
Fc
+
/Fc, 0.2 V s
-1
), which could be the result of a conformational interconversion 
between the “stepped” and “boat” configurations. Similarly, conformational 
interconversion of 8 could be occurring on the timescale of the measurements. 
 
The cyclic voltammogram (0.2 V s
-1
) of 9, recorded at room temperature in DMF is 
presented in Figure 5.17. 
 
 
 Chapter 5 – Uranyl Bipy 
 
197 
 
 
Figure 5.17 Cyclic voltammogram of 9 from -1.40 to -2.20 V (vs. Fc
+
/Fc; 0.1 M 
[Bu4N][PF6] in DMF; 0.2 V s
-1
; initial scan direction cathodic). 
 
The voltammogram displayed in Figure 5.17 shows two redox processes. The first 
redox process is centred at -1.62 V (vs. Fc
+
/Fc, 0.2 V s
-1
) and can be assigned to the 
{UO2}
2+
/{UO2}
+
 couple, which is at a similar potential to [UO2(salen)(DMF)], 
-1.67 V; [UO2(salophen)(DMF)], -1.63 V and [UO2(salmnt
(Et2N)2(DMF)], -1.60 V 
(all vs. Fc
+
/Fc).
[4,24]
 The second couple is centred at -1.98 V (vs. Fc
+
/Fc, 0.2 V s
-1
) 
and is likely to be ligand-based. The two redox processes are irreversible over all 
measured scan rates (0.025 – 0.500 V s-1), despite being able to observe anodic peaks 
on the reverse sweep. 
The relatively poor solubility of 10 in DMF may lead to inaccurate or unreliable 
results. 
 
  
-2.20 -2.00 -1.80 -1.60 -1.40
Potential (V vs. Fc+/Fc)
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5.8 Summary 
Three monometallic uranyl complexes [UO2(salbipy)(X)] (X = DMSO (7), py (8) 
and DMF (9)) have been prepared. A dimetallic uranyl complex 
[(UO2(salbipy))2(4,4‟-bipy)] (10) has been prepared by controlled ligand exchange. 
7 - 10 have been crystallographically characterised and present “boat” conformers 
about the uranyl equatorial plane, due to the rigid nature of the bipyridine backbone. 
 
The vibrational behaviour of 7 - 10 has been probed by infrared and Raman 
spectroscopy. The rigidity of the (salbipy)
2-
 ligand results in the polarisation of the 
O=U=O unit and hence the O=U=O ν1 stretches are observed in the infrared and 
Raman spectra. 
 
The electrochemical behaviour of 7 - 9 have been probed using CV. In each case, 
metal- and ligand-based processes are observed. The nature of the ligand-based 
process can be further probed with EPR spectroscopy or EPR 
spectroelectrochemistry.  
 
The synthesis of 10 by controlled ligand exchange may provide a route in forming 
multimetallic complexes, either homo- or heterobimetallic species, and hence allow 
the cooperative behaviour of multi-actinide species to be studied. This will allow a 
direct comparison to other actinide-actinide interactions, such as CCIs and oxo 
bridges. 
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Chapter 6 
Synthesis and Characterisation of Neptunyl Complexes 
Containing N3O2 Linear Pentadentate Ligands 
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6.1 Introduction 
As discussed in Chapter 1, the coordination chemistry of uranyl {UO2}
2+
 is well 
studied. In contrast, the coordination chemistry of the transuranic elements Np and 
Pu have received much less attention, due to the high specific activity of these 
elements, in comparison to uranium. 
 
Much of the coordination chemistry of the {NpO2}
2+
 and {NpO2}
+ 
ions typically 
involves very simple ligand systems such as monodentate,
[1]
 bidentate
[2]
 and 
tridentate ligands.
[3] 
Many of the reported {NpO2}
+
 compounds exhibit cation-cation 
interactions (CCIs).
[4]
 Only two examples of equatorially saturated {NpO2}
2+
 or 
{NpO2}
+
 complexes has been reported.
[5,6]
 This chapter focusses on the interaction 
of {NpO2}
2+
 ions with the N2O3 pentadentate ligands; saldien
(Et2N)2H2, 
saldamp
(Et2N)2H2 and salterpyH2, studied in Chapter 3. 
 
6.2 Synthesis of {Np
VI
O2Cl2}.(THF)x 
6.2.1 General 
{NpO2}
+
 (Np(V)) is the most stable oxidation state of neptunium (Chapter 1). 
However, {NpO2}
2+
 (Np(VI)) is much less stable with respect to reduction,
[7]
 and 
there is very little known about the stability of {NpO2}
2+
  in organic solvents. At the 
CRR, studies into the stability of {NpO2}
2+
 in organic solvents have been made.
[8-10]
 
Redmond and Cornet have demonstrated that {NpO2Cl2} seems to be sufficiently 
soluble and stable in tetrahydrofuran (THF) to allow the coordination chemistry of 
{NpO2}
2+
 to be studied.
[8-10]
 In contrast, {NpO2}
2+
 in alcoholic (methanolic) 
solutions have been shown to reduce rapidly to {NpO2}
+
.
[8]
 Investigations into the 
preparation of a {NpO2}
2+
 precursor have led to the isolation of {Np
VI
O2Cl2.THF}n, 
which may act as a viable starting point for {NpO2}
2+
 coordination chemistry.
[9-10] 
Following these preliminary investigations, the study of {NpO2Cl2} in THF with 
N3O2 pentadentate ligands is explored. 
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6.2.2 Synthetic Procedure 
The preparation of {Np
VI
O2Cl2} in THF was achieved following a modified 
procedure  to the method reported by Redmond, described in Scheme 6.1.
[8]
 
Aliquots (2 x 1.0 mL) of a stock solution of Np(IV) and Np(V) in 4 M HNO3 
(10 mg, 0.042 mmol 
237
Np) (Figure 6.1) were carefully transferred into two small 
vials, which were heated to dryness using a heat lamp over several hours. The 
resulting residues were dissolved in HClO4 (60 %, 2 x 0.5 mL), producing pink 
solutions. The solutions were heated using a hotplate and heat lamp (to produce 
white fumes) for 2 h. After cooling, two drops of the solution from each vial were 
taken and diluted with de-ionised water (2 mL). The UV-vis-nIR spectrum was 
recorded to confirm the chemical oxidation of Np(V) to Np(VI), with a peak 
observed at 1220 nm characteristic for Np(VI) while the typical peak for Np(V) 
(980 nm) was found to be very weak, if observed at all (Figure 6.2). Aliquots of 6 M 
NaOH (2 x 1.0 mL) were added to the vials containing the Np(VI), which 
immediately produced a brown precipitate of {NpO2(OH)x}. The two vials were 
centrifuged (5 minutes, 3000 rpm), the supernatant removed and washed with de-
ionised water (2 x 1.0 mL). This procedure was repeated three times to ensure 
removal of all of the inorganic salts. The resultant brown residue ({NpO2(OH)x}) 
was dissolved in HCl (37 %, 2 x 0.5 mL) to give “NpO2Cl2.(H2O)x” and the vials 
were placed under a heat lamp and heated to dryness (2 h). The residue in each vial 
was dissolved in THF (2 x 1.5 mL) to produce yellow-green solutions of 
{Np
VI
O2Cl2}.(THF)x. A nIR spectrum was recorded to confirm the stability of 
Np(VI) in THF, with respect to reduction (Figure 6.3). The solutions were used 
immediately in subsequent complexation reactions. 
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Scheme 6.1 Synthesis of {Np
VI
O2Cl2}.(THF)x from {Np
V
O2(NO3)(aq)}. 
 
 
Figure 6.1 UV-vis-nIR spectrum (400 – 1300 nm) of „Np(V)‟ stock solution in 4 M 
HNO3, displaying principal absorption bands due to Np(IV) (700 – 730 nm) and 
Np(V) (980 nm).
[11] 
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Figure 6.2 UV-vis-nIR spectrum (400 – 1300 nm) of Np(VI) in HClO4 (60 %), 
displaying a principal absorption band at 1220 nm. 
 
Figure 6.3 nIR spectrum (950 – 1300 nm) of {NpVIO2Cl2} in THF, displaying a 
principal absorption at 1220 nm. 
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6.3 Synthesis and Charaterisation of Neptunyl Complexes 
6.3.1 Synthetic Procedures 
6.3.1.1 Synthesis of [C5H5NH][Np
V
O2(saldien
(Et2N)2)] (11) 
To a solution of {Np
VI
O2Cl2} (10 mg, 0.042 mmol 
237
Np) in THF (~ 3 mL)  was 
added a solution of saldien
(Et2N)2H2 (19 mg, 0.042 mmol) in THF (1 mL). The 
solution was gently agitated with a pipette, resulting in a colour change from yellow 
to dark green/brown and the immediate precipitation of a dark green solid. The 
precipitate was isolated by removal of the supernatant and washing with THF 
(1 mL). The resultant olive-green precipitate was insoluble in DCM, but soluble in 
py. A nIR spectrum of the py solution was taken, displaying a characteristic 
{NpO2}
+
 absorption at 990 nm and no peak due to Np(VI). The solution of 11 in py 
was diffused with diethyl ether, however, single crystals of 11 could not be obtained 
and a green precipitate was isolated. 
 
6.3.1.2 Synthesis of [C5H5NH][Np
V
O2(saldamp
(Et2N)2)] (12) 
To a solution of {Np
VI
O2Cl2} (10 mg, 0.042 mmol 
237
Np) in THF (~ 3 mL) was 
added a solution of saldamp
(Et2N)2H2 (20 mg, 0.042 mmol) in THF (1 mL). This 
resulted in colour change from yellow to green and the immediate formation of a 
green precipitate. Removal of the supernatant and washing of the precipitate with 
THF (1 mL) afforded a olive-green precipitate. The resultant green solid was 
dissolved in py (~ 1 mL) and a nIR spectrum confirmed the presence of an 
absorption indicative of the {NpO2}
+
 cation at 995 nm. The py solution of 12 was 
diffused with diethyl ether, however, single crystals of 12 could not be obtained and 
a green precipitate was isolated. 
 
6.3.1.3 Synthesis of [C5H5NH][Np
V
O2(salterpy)].1.5(C5H5N) (13).1.5(C5H5H) 
To a solution of {Np
VI
O2Cl2} (10 mg, 0.042 mmol 
237
Np) in THF (~ 3 mL) was 
added a solution of salterpyH2 (18 mg, 0.042 mmol) in THF (1 mL). The solution 
changed colour from yellow to dark green and a white precipitate immediately 
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developed (presumably salterpyH2). The supernatant was removed from the 
precipitate, the nIR spectrum of the supernatant indicated the presence of only a 
{NpO2}
+ 
complex. The solution was left to evaporate, yielding a green, semi-
crystalline solid. The green solid was dissolved in py (~ 1 mL) and a nIR spectrum 
gave an absorption band at 995 nm, indicating {NpO2}
+
. Green single crystals of 
13.1.5(C5H5N) were grown over several days by the slow diffusion of diethyl ether 
into a concentrated py solution of 13. 
 
6.3.2 Discussion 
The synthesis of {NpO2}
2+
 complexes analogous to {UO2}
2+
 compounds 1 - 3 has 
been attempted. Complexation of {NpO2}
2+
 to saldien
(Et2N)2H2, saldamp
(Et2N)2H2 and 
salterpyH2 immediately resulted in a colour change from yellow to dark green. 
Analysis by nIR spectroscopy indicates the reduction of {NpO2}
2+
 to {NpO2}
+
 upon 
addition of saldien
(Et2N)2H2, saldamp
(Et2N)2H2 or salterpyH2. Similar behaviour has 
been reported by Clark,
[5]
 where the addition of 18-crown-6 to a solution of 
{NpO2}
2+
 ions resulted in the isolation of a {NpO2}
+ 
compound.
[5]
 It may be possible 
that the use of ligands that can fully saturate the {NpO2}
2+/+ 
equatorial plane 
preferentially favour the Np(V) oxidation state, rather than the Np(VI) oxidation 
state. The addition of the Schiff base ligand salenH2 to a methanolic solution of 
{NpO2}
+
 ions and oxidation in air resulted in the  isolation of a {NpO2}
2+
 compound, 
[Np
VI
O2(salen)(MeOH)].
[12]
 In methanol, {NpO2}
2+
 readily reduces to {NpO2}
+
, 
however, sufficient {NpO2}
2+
 remains.
[8]
 It is possible the authors were able to 
isolate single crystals of the {NpO2}
2+
 complex due to difference of solubility in 
methanol, relative to a {NpO2}
+
 complex.  
Evaporation of the THF solutions gave dark green precipitates, which were insoluble 
in many common solvents except py. It is most likely that the presence of 
pyridinium, a bulky organic cation, allows the anionic [Np
V
O2(X)]
-
 complexes (X = 
(saldien
(Et2N)2)
2-
, (saldamp
(Et2N)2)
2-
 or (salterpy)
2-
) to dissolve. Metathesis with a 
cation that is more soluble in common organic solvents, for example 
tetrabutylammonium, may in turn enhance the solubility of 11 and 12 in more 
solvents which may promote crystallisation. Single crystals of 13.1.5(C5H5N) were 
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grown by diffusion with diethyl ether from a concentrated pyridine solution (see 
Section 6.5 for crystal structure). 
 
6.4 Solution Spectroscopy 
6.4.1 UV-vis and nIR Spectroscopy 
The UV-vis and nIR spectra have been recorded for compounds 11 - 13 and are 
displayed in Figures 6.4 to 6.6, respectively. 
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Figure 6.4 UV-vis spectrum (300 – 800 nm) (top) and nIR spectrum 
(950 - 1300 nm) (bottom) of 11 in py.
i 
 
                                                             
i Note: Due to the use of a fibre optic nIR spectrometer, the region between 950 – 980 nm is at the 
edge of the detector window, which may account for the steps in the spectra. 
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Figure 6.5 UV-vis spectrum (300 – 800 nm) (top) and nIR spectrum 
(950 - 1300 nm) (bottom) of 12 in py.
i
 
 
 
                                                             
i Note: Due to the use of a fibre optic nIR spectrometer, the region between 950 – 980 nm is at the 
edge of the detector window, which may account for the steps in the spectra. 
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Figure 6.6 UV-vis spectrum (300 – 800 nm) (top) and nIR spectrum 
(950 - 1300 nm) (bottom) of crystals of 13 in py. 
 
The UV-vis spectra for 11 - 13 are simple and all exhibit broad absorption bands at 
around 400 nm. These can be assigned to ligand-based π - π* transitions, which is 
consistent with the UV-vis spectra of the uncoordinated ligands. The UV-vis spectra 
of 11 - 13, indicate no evidence of any Np(IV), which is typically observed in the 
range 700 – 730 nm.[5] 
300 350 400 450 500 550 600 650 700 750 800
A
b
so
rb
an
ce
 (A
U
)
Wavelength (nm)
950 1000 1050 1100 1150 1200 1250 1300 1350
A
b
so
rb
an
ce
 (A
U
)
Wavelength (nm)
Chapter 6 – Neptunyl N3O2 
 
213 
 
The nIR spectra for 11 - 13 present sharp bands at 990, 995 and 995 nm, 
respectively, these are characteristic of the Laporte forbidden f – f transition of a f 2 
system, namely {NpO2}
+
. This transition becomes allowed because the ligand field  
around the equatorial plane of the {NpO2}
+
 ion means a centre of inversion no 
longer exists, resulting in the Laporte selection rule being broken.
[13]
 The f – f 
transition is slightly shifted from 980 nm, the position of the principal absorption 
band for {NpO2}
+
,
[11]
 which may be indicative of stronger ligand coordination in the 
equatorial plane.
[14]
 There is no evidence to suggest the presence of any {NpO2}
2+
 or 
bands assignable to any other oxidation state in 11 - 13. 
 
6.4.2 
1
H NMR Spectroscopy 
1
H NMR spectra have been recorded for 11, 12 and 13 in C5D5N at 298 K. These 
have been compared with the 
1
H NMR spectra of saldien
(Et2N)2H2, saldamp
(Et2N)2H2 
and salterpyH2, respectively, recorded in C5D5N. 
 
Due to the assumption that conversion of the Np(V) stock solution to {Np
VI
O2Cl2} 
was quantitative the ligand stoichiometry was based on the initial quantity of Np(V) 
used. It is therefore likely that some unbound ligand would remain in solution after 
complexation. The ligands saldien
(Et2N)2H2 and saldamp
(Et2N)2H2 are oils, which 
makes removal of excess ligand from the {NpO2}
+
 complexes very difficult. This 
explains the presence of unbound saldien
(Et2N)2H2 and saldamp
(Et2N)2H2 in the 
1
H 
NMR spectra of 11 and 12. 
 
The 
1
H NMR spectrum of 11 is displayed in Figure 6.7. 11 contains a {NpO2}
+
 ion 
which is an f 
2
 (paramagnetic) system. This means the NMR spectrum would be 
expected to exhibit signals that are shifted from the corresponding diamagnetic 
resonance positions (isotropic shift).
[15]
 There may also be line broadening due to the 
paramagnetic ion.
[15]
 The 
1
H NMR spectrum of 11 shows signals due to unbound 
saldien
(Et2N)2H2, which are indicated by “S” in Figure 6.7. There are several peaks 
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which are broad and shifted relative to saldien
(Et2N)2H2 and the f 
0
 complex 
[UO2(saldien
(Et2N)2)] (1). The 
1
H NMR spectrum of 11 shows similar behaviour as 
seen for the {UO2}
+
 (f 
1
) compound [Cp*2Co][UO2(salan-
t
Bu2)(py)] (H2salan-
t
Bu2 = 
N,N’-bis(2-hydroxybenzyl-3,5-di-tert-butyl)-1,2-dimethylaminomethane).[16] It is 
suggested that the peaks indicated by “N” in Figure 6.7 and may correspond to the 
presence of a Np(V) species, 11.  
 
The 
1
H NMR spectrum of 12 is presented in Figure 6.8. There are signals, indicated 
by “S” in Figure 6.8, which correspond to unbound saldamp(Et2N)2H2, some of these 
are indistinguishable from signals due to residual THF. The signals indicated “N” in 
Figure 6.8 (which may correspond to 12) are generally shifted, both upfield and 
downfield from positions seen in the 
1
H NMR spectra of saldamp
(Et2N)2H2 and 
[UO2(saldamp
(Et2N)2)] (2) and are broadened in comparison. 
 
The 
1
H NMR spectrum of 13 is presented in Figure 6.9 and displays several peaks in 
the range 7 - 9 ppm, which are attributable to protons from unbound salterpyH2, 
denoted “S”. Within the range 0 - 7 ppm there are broad signals, which may be 
assigned to protons of the (salterpy)
2-
 ligand bound to the {NpO2}
+ ion, denoted “N” 
in Figure 6.9. These signals are not present in the 
1
H NMR spectra of salterpyH2 or 
[UO2(salterpy)] (3) and may have been shifted upfield due to isotropic shift. This 
upfield shift is similar to the behaviour reported for 
[Cp*2Co][UO2(salan-
t
Bu2)(py)].
[16]
 For a single species of 13 in solution, nine proton 
environments would be expected to be observed. In the 
1
H NMR spectrum of 13 
(Figure 6.9) it is possible to see eight signals, which could correspond to the proton 
environments of 13. It is likely that one of the proton signals is indistinguishable 
from the solvent and/or unbound salterpyH2 signals. If multiple Np species were 
present, significantly more shifted and broadened signals would be expected in the 
1
H NMR spectrum of 13. This supports the presence of only one Np species existing 
in solution.
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Figure 6.7 
1
H NMR spectrum (0.0 – 13.0 ppm) of [C5H5NH][Np
V
O2(saldien
(Et2N)2)] (11) in C5D5N at 298 K. Peaks attributed to saldien
(Et2N)2H2 
(S) and to 11 (N). Note: Residual solvent signals (*), HDO signal (#) and THF signals (~).  
Np(VI) + saltriamH2 Py.esp
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Figure 6.8 
1
H NMR spectrum (-2.0 – 15.0 ppm) of [C5H5NH][Np
V
O2(saldamp
(Et2N)2)] (12) in C5D5N at 298 K. Peaks attributed to 
saldien
(Et2N)2H2 (S) and to 12 (N). Note: Residual solvent signals (*), HDO signal (#) and THF signals (~). 
Np(VI) + salpyH2 in Py.esp
14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1
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Figure 6.9 
1
H NMR spectrum (0.0 – 15.0 ppm) of [C5H5NH][Np
V
O2(salterpy)] (13) in C5D5N at 298 K. Peaks attributed to salterpyH2 (S) and to 
13 (N). Note: Residual solvent signals (*), HDO signal (#) and THF/acetone solvent impurities (~). 
Np(VI) + salterpyH2, initial solution in py before recryst.esp
14 13 12 11 10 9 8 7 6 5 4 3 2 1 0
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6.5 Crystallographic Studies 
The crystal structure for 13.1.5(C5H5N) reveals a monomeric {NpO2}
+
 complex, 
which is confirmed by nIR spectroscopy (see Section 6.4.1), where the metal centre 
is situated within the N3O2 cavity of the (salterpy)
2-
 ligand. This results in pentagonal 
bipyramidal geometry about the metal centre and there are no additional ligands 
within the Np coordination environment. Selected crystallographic data is listed in 
Table 6.1, with full crystallographic details on the accompanying compact disc.  
 
  
[C5H5NH][Np
V
O2(salterpy)]. 1.5(C5H5N) 
(13).1.5(C5H5H) 
Empirical Formula C39.5H30.5N5.5O4Np 
Formula Weight 883.19 
Crystal System Monoclinic 
Space Group C 2/c 
a (Å) 37.840(5) 
b (Å) 12.479(5) 
c (Å) 13.976(5) 
α (°) 90 
β (°) 103.080 
γ (°) 90 
V (Å
3
) 6428(4) 
Z 4 
Dc (g/cm
3
) 1.825 
μ (mm-1) 3.287 
F(000) 3448 
Index Ranges -45<=h<=45, -14<=k<=15, -16<=l<=16 
Total Number of 
Reflections 
16915 
Unique Reflections 5806 
GOF 1.226 
R(F0) 0.0807 
Rw 0.1338 
Largest Diff. Peak and  
Hole 
2.280 and -4.163 e.Å-3 
 
Table 6.1 Selected crystallographic data for 13.1.5(C5H5N). 
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The ORTEP representation of 13.1.5(C5H5N) is presented in Figure 6.10. The 
monoanionic {NpO2}
+ 
complex ([NpO2(salterpy)]
-
) has a pyridinium cation 
([C5H5NH]
+
) to balance the charge of the complex ion. There are 1.5 pyridine 
molecules contained within the unit cell, with one of them being located on the C2 
crystallographic axis, therefore only half of the molecule is contained within the 
asymmetric unit. The structure is analogous to that of [UO2(salterpy)] (3), and in 
both structures the phenyl groups of the (salterpy)
2-
 ligand twist away from the plane 
of the terpyridine unit. The average dihedral angle for the twist away from planarity 
is 42.6(17) ° for 13.1.5(C5H5N), compared with 39.95(6) ° for 3. 13 adopts a “boat” 
conformer and the two oxygen atoms occupy positions slightly deviated from the 
{NpO2}
+
 equatorial plane. The Np=O bond distances (1.752(8) and 1.784(8) Å) are 
at the short end of the range reported for {NpO2}
+
 ions with multidentate ligands 
(1.76 – 1.91 Å).[5-6,16-19] The O=Np=O bond angle (177.8(4) °) is essentially linear 
and the Np-Ophenolate bond distances (2.204(8) and 2.213(8) Å) lie outside the range 
reported for monomeric complexes where the {NpO2}
+
 ion is bound to simple 
oxygen-containing ligands (Np-O: 2.43 – 2.54 Å).[17-19] There are no examples of 
any {NpO2}
+
 complexes which are bound to phenolate donors, however the 
Np-Ophenolate bond distances in 13.1.5(C5H5N) compare with the Np-Ophenolate 
distances reported for [NpO2(salen)(MeOH)] (Np-Ophenolate: 2.211(3) and 
2.296(3) Å).
[12]
 The Np-Ophenolate distances are comparable to the U-Ophenolate bond 
distances for 3 (2.192(3) and 2.229(3) Å). The  Np-N bond distances (2.548(10) to 
2.585(10) Å) are slightly shorter than the range reported for {NpO2}
+
 ions bound to 
pyridyl-containing multidentate ligands (2.57 – 2.67 Å).[17-20] Interestingly, there is 
no interaction between the neptunyl oxo ligands and the pyridinium cation (CCI), 
which is often observed for {NpO2}
+
 complexes.
[4]
  Selected bond lengths and angles 
are listed in Table 6.2. 
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Figure 6.10 ORTEP plot of [C5H5NH][Np
V
O2(salterpy)].1.5(C5H5N) 
(13).1.5(C5H5N) (hydrogen atoms, pyridinium molecule and pyridine molecules 
omitted). View nearly perpendicular to the O=Np=O axis (with selected 
crystallographic numbering). 
 
 
Table 6.2 Selected bond lengths [Å] and angles [°] for 13.1.5(C5H5N). 
  
Bond Length [Å]  Bond Angle [°]  
Np(1)-O(1) 1.752(8) O(1)-Np(1)-O(2) 177.8(4) 
Np(1)-O(2) 1.784(8) O(1)-Np(1)-O(3) 88.2(3) 
Np(1)-O(3) 2.213(8) O(1)-Np(1)-O(4) 90.2(4) 
Np(1)-O(4) 2.204(8) O(2)-Np(1)-O(3) 94.0(3) 
Np(1)-N(1) 2.548(10) O(2)-Np(1)-O(4) 90.4(4) 
Np(1)-N(2) 2.561(10) O(3)-Np(1)-O(4) 91.0(3) 
Np(1)-N(3) 2.585(10) O(1)-Np(1)-N(1) 96.3(4) 
  O(1)-Np(1)-N(2) 79.9(3) 
  O(1)-Np(1)-N(3) 92.4(3) 
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6.6 Summary 
A synthetic and spectroscopic study of the binding of saldien
(Et2N)2H2, 
saldamp
(Et2N)2H2 and salterpyH2 to the {NpO2}
2+
 ion has been made. It has been 
shown that in organic media, the respective pentadentate ligands do not stabilise the 
{NpO2}
2+
 ion with respect to reduction. {NpO2}
+
 containing species are observed in 
all cases. [C5H5NH][NpO2(salterpy)].1.5(C5H5N) (13).1.5(C5H5N) has been 
structurally characterised by single crystal X-Ray diffraction and exists as a 
monomeric {NpO2}
+
 species, which is entirely saturated by the (salterpy)
2- 
ligand. 
Structural evidence for the binding of (saldien
(Et2N)2)
2- 
and (saldamp
(Et2N)2)
2- 
to 
{NpO2}
+
 would need to be obtained in order to determine any definite structural 
relationship between compounds 11 - 13 and the {UO2}
2+
 complexes 1 - 3.  
 
The strength of the O=Np=O ν1 stretching mode (measured by Raman spectroscopy) 
may provide comparative behaviour with regard to weakening of the Np=O bonds, 
compared with the analogous uranyl complexes 1 - 3. This may indicate whether 
{NpO2}
+
 compounds demonstrate similar behaviour to {UO2}
2+
 compounds upon 
coordination of a cation or Lewis base to the oxo ligands of {NpO2}
+
. 11 - 13 are 
ideal precursors for the controlled formation of CCI complexes as these equatorially 
saturated complexes, which are stable towards ligand exchange, should not act as 
CCI acceptors and only participate as CCI donors. 
 
It has been shown that Np binding to these N3O2 ligands that saturate the neptunyl 
equatorial plane is favoured by the Np(V) oxidation state over the Np(VI) state. In 
order to assess the extent of the stabilisation of the Np(V) oxidation state by these 
ligands, electrochemical studies (e.g. CV) will need to be undertaken. The 
minimisation of ligand exchange by pentadentate ligands will allow more simplified 
interpretation of the electrochemical processes that may be present. 
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7.1 Conclusions and Further Work 
The work presented in this thesis contains a systematic study of the structural, 
spectroscopic and electrochemical properties of a range of {UO2}
2+
 and {NpO2}
+
 
complexes formed with a series of linear multidentate ligands. 
 
Chapter 3 has presented a series of {UO2}
2+
 complexes with N3O2 pentadentate 
ligands which display subtle alterations in the flexibility of the binding cavity. This 
has enabled the synthesis of {UO2}
2+
 complexes that are equatorially saturated by 
the respective pentadentate ligand. The kinetic stability of these systems with respect 
to ligand exchange has been confirmed using NMR and electrochemical techniques. 
The formal reduction potentials for the {UO2}
2+
/{UO2}
+
 redox couple has led to 
some of the most negative potentials reported, at -1.79 V (vs. Fc
+
/Fc), whilst 
retaining a degree of reversibility, and has been found to be dependent on outer 
sphere solvation. Extended studies of these systems to encompass a large variety of 
solvents would be the next progression from these studies.  
 
Complexes 1 - 3 have presented some of the lowest O=U=O ν1 stretches observed 
(802 – 805 cm-1), which indicates an increase in the Lewis basicity of the uranyl oxo 
ligands. Further studies to assess the ability of the oxo groups of the complexes to 
act as ligands for binding to Lewis acids
[1]
 and metal cations
[2] 
need to be undertaken. 
The use of pentadentate ligands in these complexes, which saturate the uranyl 
equatorial plane and minimise ligand exchange, provides ideal precursors for 
studying actinyl oxo group reactivity, without altering the actinyl equatorial plane. 
The suggested mechanism of actinyl disproportionation takes place via the formation 
of CCIs.
[3]
 Compounds 1 - 3 are ideal systems to study the disproportionation 
mechanism, as current understanding suggests these compounds should stabilise the 
uranyl(V) oxidation state.
[4]
 This may provide some experimental data to assess 
whether actinyl disproportionation is dominated by inner- or outer sphere processes. 
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Analogous studies with the {NpO2}
2+ 
ion, reported in Chapter 6, have shown 
immediate reduction to the {NpO2}
+
 oxidation state, which suggests that the 
coordination environment of {NpO2}
2+
 strongly influences the redox behaviour. 
Analysis of a single crystal of 13 by X-Ray diffraction showed a discrete {NpO2}
+
 
complex, which interestingly did not form a CCI with the pyridinium cation present 
in the complex. Vibrational studies of compounds 11 - 13 will identify whether 
similar weakening of the U=O bonds is observed for the {NpO2}
+
 systems. Further 
work would entail investigating the redox behaviour of these systems, to determine 
the causes of the immediate reduction of {NpO2}
2+
 to {NpO2}
+
 in the presence of 
these N3O2 pentadentate ligands used in this study, despite several examples of 
{NpO2}
2+
 complexes reported with N and O containing ligands.
[5]
 It would be 
interesting to probe the Lewis basic nature of the Np oxo groups with respect to 
Lewis acid and metal cation binding, because weakening is observed in the analogue 
uranyl analogues 1 - 3. Compounds 11 - 13 would be the ideal precursors to attempt 
to form multimetallic chains with Na
+
, K
+
, Cs
+
, etc via CCI formation (Figure 7.1). 
 
Figure 7.1 Schematic representation of a one-dimensional polymeric chain which 
could be formed using 13 as the CCI donor group. 
  
This would provide a useful comparison with the reported {UO2}
+
 coordination 
polymer,
[6]
 where the uranyl units were linked together through CCIs with potassium 
ions (see Figure 1.8, Chapter 1). This could lead to an interesting study of the 
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electronic, spectroscopic and magnetic properties of a one-dimensional polymeric 
chains consisting of molecular units with a 5f
 n
 (n = 1 or 2) electronic configuration. 
 
Chapter 4 has presented a study of the synthetic, spectroscopic and solution 
behaviour of a series of {UO2}
2+
 complexes with a rigid pentadentate Schiff base 
ligand containing a “soft” thioether group. The use of a donor with a relatively weak 
binding to {UO2}
2+
 has shown the importance of the role of the phenol protons in 
complexation reactions with this Schiff base ligand. Subtle changes in the reaction 
conditions, such as the metal starting material and presence of base, gave different 
monometallic systems.  Understanding the mechanisms of complexation with Schiff 
base ligands resulted in the solution and structural characterisation of 6, which 
contained an unusual {UO2}
2+
-thioether interaction. The O=U=O ν1 symmetric 
stretching frequency of 6 indicates similar electron-donating abilities of 
(salddt
(Et2N)2)
2-
 and the N3O2 ligands, (saldien
(Et2N)2)
2-
, (saldamp
(Et2N)2)
2- 
and 
(salterpy)
2-
. NMR (
1
H and 
13
C) spectroscopy
 
and electrochemical studies indicate 
that 6 remains intact, even in highly coordinating solvents. The most obvious 
progression with this ligand system would be the study of {NpO2}
2+/+
 coordination. 
It would be interesting to ascertain to what extent π-backbonding occurs with the 
thioether donor, given the 5f 
2
 or 5f
 1
 electron configuration of the complexing metal. 
 
Chapter 5 focussed on the formation of mono- and bimetallic {UO2}
2+ 
complexes 
with the rigid, tetradentate (salbipy)
2-
 ligand, which were formed by controlled 
ligand exchange. Vibrational spectroscopy probed the symmetric and asymmetric 
O=U=O stretching frequencies (ν1 and ν3). Interestingly, the rigidity of the 
immediate ligand environment in 7 - 10 was sufficient to distort the O=U=O unit to 
observe comparative O=U=O ν1 stretches in both the IR and Raman spectra. The 
electrochemical behaviour of 7 - 9 was probed using CV and indicated the presence 
of a secondary process, analogous to 3, likely to be ligand-based. Electrochemical 
EPR experiments will need to be undertaken to determine the origin of the radical 
species, by appropriate selection of the reduction potential. The synthesis of 10 by 
controlled ligand exchange provides a methodology for the formation of hetero- and 
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homo-multimetallic compounds. These compounds will be ideal to study the 
controlled formation of CCI species using actinyl complexes with tetradentate 
ligands, such as (salbipy)
2-
, which can act as a CCI acceptor on a single site with 
{NpO2}
+
 complexes, such as 13, that can act as a CCI donor (Figure 7.2). 
 
 
Figure 7.2 Schematic representation of CCI complexes that could be formed using 
13 and either {UO2}
2+
 or {NpO2}
2+
 salbipy complexes. 
 
The focus of the work presented in this thesis was to design ligand environments 
which prevent the formation of CCIs. This has been achieved by preparing ligand 
environments that can form equatorially saturated actinyl complexes. 1 - 3 and 6 
present {UO2}
2+
 complexes where the metal centre is saturated. There is no evidence 
to suggest ligand exchange occurs with 1 - 3 and 6. Electrochemical studies indicate 
the position of the {UO2}
2+
/{UO2}
+
 couple for these complexes is influenced by 
outer sphere solvation effects and rigidity of the ligand environment. The suggested 
mechanism of actinyl disproportionation suggests 1 - 3 and 6 should be ideal systems 
to stabilise {UO2}
+
 with respect to disproportionation.
[3]
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The use of the complexes reported in this thesis may be used as precursors for the 
controlled formation of CCIs, which can provide information in the role of CCIs in 
disproportionation. This may lead to a more detailed understanding of actinide redox 
speciation in various environments. 
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Figure A1 Cyclic voltammograms of [UO2(saldien
(Et2N)2)] (1) from -1.20 V to 
-2.60 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DCM; initial scan cathodic) at multiple 
scan rates. 
 
Scan Rate 
(V s
-1
) 
Epc (V) ipc (μA) Epa (V) ipa (μA) E1/2 (V) ipc/ipa 
0.025 -1.84 5.28 -1.72 3.24 -1.77 1.63 
0.050 -1.83 7.99 -1.73 4.82 -1.78 1.66 
0.075 -1.89 10.78 -1.66 6.97 -1.78 1.55 
0.100 -1.91 11.44 -1.68 5.89 -1.79 1.94 
0.200 -1.91 15.58 -1.67 6.95 -1.79 2.24 
0.300 -2.02 22.91 -1.68 10.19 -1.85 2.25 
0.400 -1.88 25.23 -1.53 12.09 -1.69 2.09 
0.500 -1.92 43.34 -1.47 35.90 -1.69 1.21 
 
Table A1 Cyclic voltammetry data for [UO2(saldien
(Et2N)2)] (1) from -1.20 V to 
-2.60 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DCM; initial scan cathodic) at multiple 
scan rates. 
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Figure A2 Cyclic voltammograms of [UO2(saldien
(Et2N)2)] (1) from -1.40 V to 
-2.40 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DMSO; initial scan cathodic) at multiple 
scan rates. 
 
 
 
Table A2 Cyclic voltammetry data for [UO2(saldien
(Et2N)2)] (1) from -1.40 V to 
-2.40 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DMSO; initial scan cathodic) at multiple 
scan rates. 
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Scan Rate 
(V s
-1
) 
Epc (V) ipc (μA) Epa (V) ipa (μA) E1/2 (V) ipc/ipa 
0.025 -1.68 1.92 -1.62 1.39 -1.65 1.38 
0.050 -1.68 2.83 -1.62 2.33 -1.65 1.21 
0.075 -1.67 3.23 -1.64 2.73 -1.65 1.18 
0.100 -1.71 3.67 -1.59 3.31 -1.65 1.11 
0.200 -1.71 5.26 -1.60 4.73 -1.66 1.11 
0.300 -1.71 5.45 -1.60 4.94 -1.66 1.10 
0.400 -1.73 6.42 -1.61 5.08 -1.67 1.26 
0.500 -1.74 6.19 -1.61 5.68 -1.67 1.08 
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Figure A3 Cyclic voltammograms of [UO2(saldien
(Et2N)2)] (1) from -1.20 V to 
-2.40 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in py; initial scan cathodic) at multiple scan 
rates. 
 
 
 
Table A3 Cyclic voltammetry data for [UO2(saldien
(Et2N)2)] (1) from -1.20 V to 
-2.40 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in py; initial scan cathodic) at multiple scan 
rates. 
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Epc (V) ipc (μA) Epa (V) ipa (μA) E1/2 (V) ipc/ipa 
0.025 -1.79 4.75 -1.74 4.38 -1.77 1.08 
0.050 -1.79 6.32 -1.74 6.21 -1.78 1.02 
0.075 -1.81 7.09 -1.74 6.64 -1.77 1.07 
0.100 -1.80 7.58 -1.75 6.91 -1.77 1.09 
0.200 -1.81 10.16 -1.75 9.65 -1.78 1.05 
0.300 -1.83 11.05 -1.75 10.19 -1.79 1.08 
0.400 -1.83 12.91 -1.74 11.53 -1.79 1.12 
0.500 -1.84 15.14 -1.70 13.43 -1.77 1.13 
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Figure A4 Cyclic voltammograms of [UO2(saldamp
(Et2N)2)] (2) from -1.40 V to 
-2.20 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DCM; initial scan cathodic) at multiple 
scan rates. 
 
 
 
Table A4 Cyclic voltammetry data for [UO2(saldamp
(Et2N)2)] (2) from -1.40 V to 
-2.20 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DCM; initial scan cathodic) at multiple 
scan rates. 
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Epc (V) ipc (μA) Epa (V) ipa (μA) E1/2 (V) ipc/ipa 
0.025 -1.83 2.01 -1.76 1.47 -1.79 1.37 
0.050 -1.82 2.64 -1.76 2.57 -1.79 1.03 
0.075 -1.85 4.68 -1.75 3.37 -1.80 1.39 
0.100 -1.85 5.83 -1.73 4.77 -1.80 1.22 
0.200 -1.84 9.24 -1.73 6.01 -1.79 1.54 
0.300 -1.95 11.65 -1.83 9.59 -1.89 1.21 
0.400 -1.95 14.11 -1.84 10.31 -1.89 1.37 
0.500 -1.97 20.62 -1.86 10.87 -1.91 1.89 
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Figure A5 Cyclic voltammograms of [UO2(saldamp
(Et2N)2)] (2) from -1.00 V to 
-2.20 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DMSO; initial scan cathodic) at multiple 
scan rates. 
 
 
 
Table A5 Cyclic voltammetry data for [UO2(saldamp
(Et2N)2)] (2) from -1.00 V to 
-2.20 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DMSO; initial scan cathodic) at multiple 
scan rates. 
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Epc (V) ipc (μA) Epa (V) ipa (μA) E1/2 (V) ipc/ipa 
0.025 -1.65 3.46 -1.59 3.31 -1.62 1.04 
0.050 -1.66 5.67 -1.59 5.32 -1.63 1.07 
0.075 -1.66 5.86 -1.60 5.82 -1.63 1.01 
0.100 -1.67 7.00 -1.60 6.92 -1.64 1.01 
0.200 -1.66 10.13 -1.60 9.67 -1.63 1.05 
0.300 -1.69 10.83 -1.59 10.53 -1.64 1.03 
0.400 -1.68 12.11 -1.60 10.57 -1.64 1.15 
0.500 -1.68 12.94 -1.60 11.34 -1.64 1.14 
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Figure A6 Cyclic voltammograms of [UO2(saldamp
(Et2N)2)] (2) from -1.40 V to 
-2.60 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in py; initial scan cathodic) at multiple scan 
rates. 
 
 
 
Table A6 Cyclic voltammetry data for [UO2(saldamp
(Et2N)2)] (2) from -1.40 V to 
-2.60 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in py; initial scan cathodic) at multiple scan 
rates. 
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Epc (V) ipc (μA) Epa (V) ipa (μA) E1/2 (V) ipc/ipa 
0.025 -1.81 1.56 -1.73 1.48 -1.77 1.05 
0.050 -1.83 2.14 -1.70 2.07 -1.77 1.03 
0.075 -1.89 2.44 -1.65 2.29 -1.77 1.07 
0.100 -1.88 4.32 -1.66 3.95 -1.77 1.09 
0.200 -1.83 6.71 -1.75 6.52 -1.79 1.03 
0.300 -1.86 8.15 -1.80 8.12 -1.83 1.00 
0.400 -1.82 9.83 -1.76 9.08 -1.79 1.08 
0.500 -1.88 10.50 -1.70 9.71 -1.79 1.08 
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Figure A7 Cyclic voltammograms of [UO2(salterpy)] (3) from -1.20 V to -2.40 V 
(vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DMSO; initial scan cathodic) at multiple scan 
rates. 
 
 
 
Table A7 Cyclic voltammetry data for the {UO2}
2+
/{UO2}
+
 couple of 
[UO2(salterpy)] (3) from -1.20 V to -2.40 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in 
DMSO; initial scan cathodic) at multiple scan rates. 
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-1
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Epc (V) ipc (μA) Epa (V) ipa (μA) E1/2 (V) ipc/ipa 
0.025 -1.55 3.54 -1.49 3.48 -1.52 1.02 
0.050 -1.58 4.42 -1.52 3.87 -1.55 1.14 
0.075 -1.59 5.56 -1.52 5.02 -1.55 1.18 
0.100 -1.57 4.34 -1.52 6.34 -1.54 0.70 
0.200 -1.58 6.58 -1.52 12.08 -1.55 0.54 
0.300 -1.61 9.22 -1.54 14.42 -1.57 0.64 
0.400 -1.60 11.28 -1.54 16.54 -1.57 0.70 
0.500 -1.61 12.29 -1.54 18.01 -1.57 0.70 
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Figure A8 Cyclic voltammograms of [UO2(salterpy)] (3) from -1.40 V to -2.40 V 
(vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in py; initial scan cathodic) at multiple scan rates. 
 
 
 
Table A8 Cyclic voltammetry data for the {UO2}
2+
/{UO2}
+
 couple of 
[UO2(salterpy)] (3) from -1.40 V to -2.40 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in py; 
initial scan cathodic) at multiple scan rates.  
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Epc (V) ipc (μA) Epa (V) ipa (μA) E1/2 (V) ipc/ipa 
0.025 -1.74 2.03 -1.68 1.98 -1.71 1.03 
0.050 -1.74 2.59 -1.67 2.36 -1.70 1.09 
0.075 -1.72 3.45 -1.66 3.29 -1.69 1.05 
0.100 -1.72 4.55 -1.65 4.18 -1.68 1.10 
0.200 -1.73 5.70 -1.65 5.62 -1.69 1.01 
0.300 -1.73 6.94 -1.66 6.53 -1.69 1.05 
0.400 -1.72 8.98 -1.64 8.93 -1.68 1.01 
0.500 -1.73 9.39 -1.65 9.35 -1.69 1.00 
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Figure A9 Cyclic voltammograms of [UO2(salddt
(Et2N)2H*2)2](TFSI)2 (5) from 
-0.80 V to -1.80 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][TFSI] in DCM; initial scan cathodic) at 
multiple scan rates. 
 
 
 
Table A9 Cyclic voltammetry data for [UO2(salddt
(Et2N)2H*2)2](TFSI)2 (5) from 
-0.80 V to -1.80 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][TFSI] in DCM; initial scan cathodic) at 
multiple scan rates. 
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0.025 -1.48 3.58 -1.36 1.98 -1.42 1.88 
0.050 -1.49 4.31 -1.37 2.45 -1.43 1.76 
0.075 -1.49 6.70 -1.37 4.04 -1.43 1.66 
0.100 -1.53 7.63 -1.39 4.68 -1.46 1.53 
0.200 -1.54 9.09 -1.40 6.45 -1.47 1.48 
0.300 -1.43 10.25 -1.23 6.87 -1.33 1.49 
0.400 -1.40 10.45 -1.26 7.62 -1.33 1.37 
0.500 -1.44 12.34 -1.28 8.22 -1.36 1.50 
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Figure A10 Cyclic voltammograms of [UO2(salddt
(Et2N)2)] (6) from -1.00 V to 
-2.20 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DCM; initial scan cathodic) at multiple 
scan rates. 
 
 
 
Table A10 Cyclic voltammetry data for [UO2(salddt
(Et2N)2)] (6) from -1.00 V to 
-2.20 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in py; initial scan cathodic) at multiple scan 
rates.  
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0.025 -1.62 1.89 -1.56 1.73 -1.59 1.09 
0.050 -1.62 4.56 -1.56 4.41 -1.59 1.03 
0.075 -1.64 7.21 -1.57 6.94 -1.60 1.04 
0.100 -1.64 10.05 -1.58 9.53 -1.61 1.05 
0.200 -1.67 13.91 -1.57 13.56 -1.62 1.03 
0.300 -1.64 25.59 -1.56 22.64 -1.60 1.13 
0.400 -1.65 31.42 -1.59 28.26 -1.62 1.11 
0.500 -1.66 32.67 -1.58 29.21 -1.62 1.12 
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Figure A11 Cyclic voltammograms of [UO2(salddt
(Et2N)2)] (6) from -1.20 V to 
-2.00 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DMSO; initial scan cathodic) at multiple 
scan rates. 
 
 
 
Table A11 Cyclic voltammetry data for [UO2(salddt
(Et2N)2)] (6) from -1.20 V to 
-2.00 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in py; initial scan cathodic) at multiple scan 
rates.  
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0.025 -1.61 1.89 -1.55 1.80 -1.58 1.05 
0.050 -1.61 2.56 -1.55 2.48 -1.58 1.03 
0.075 -1.61 3.30 -1.55 3.19 -1.58 1.03 
0.100 -1.59 3.85 -1.51 3.62 -1.55 1.05 
0.200 -1.60 4.73 -1.52 4.40 -1.56 1.08 
0.300 -1.58 5.76 -1.51 5.19 -1.54 1.11 
0.400 -1.62 6.33 -1.53 5.67 -1.58 1.12 
0.500 -1.62 6.69 -1.53 5.82 -1.57 1.15 
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Figure A12 Cyclic voltammograms of [UO2(salddt
(Et2N)2)] (6) from -1.20 V to 
-2.20 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in py; initial scan cathodic) at multiple scan 
rates. 
 
 
 
Table A12 Cyclic voltammetry data for [UO2(salddt
(Et2N)2)] (6) from -1.20 V to 
-2.20 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in py; initial scan cathodic) at multiple scan 
rates.
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0.025 -1.61 4.15 -1.49 3.71 -1.55 1.12 
0.050 -1.58 6.12 -1.52 5.65 -1.55 1.09 
0.075 -1.58 7.78 -1.51 7.24 -1.55 1.07 
0.100 -1.60 9.08 -1.53 8.85 -1.56 1.03 
0.200 -1.59 9.75 -1.53 9.66 -1.56 1.01 
0.300 -1.62 12.58 -1.54 12.43 -1.58 1.01 
0.400 -1.63 13.58 -1.54 13.31 -1.58 1.02 
0.500 -1.65 17.57 -1.55 15.91 -1.60 1.17 
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Figure A13 Cyclic voltammograms of [UO2(salbipy)(DMSO)] (7) from -1.20 V to 
-2.80 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DMSO; initial scan cathodic) at multiple 
scan rates. 
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[UO2(salbipy)(DMSO)] (7) from -1.20 V to -2.80 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] 
in DMSO; initial scan cathodic) at multiple scan rates. 
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0.025 -1.66 3.10 -1.60 2.90 -1.63 1.06 
0.050 -1.65 3.36 -1.59 3.24 -1.62 1.04 
0.075 -1.65 5.65 -1.58 5.59 -1.61 1.01 
0.100 -1.64 7.19 -1.58 6.72 -1.61 1.06 
0.200 -1.64 11.17 -1.58 10.12 -1.61 1.17 
0.300 -1.65 13.34 -1.59 12.81 -1.62 1.04 
0.400 -1.65 14.24 -1.59 13.45 -1.62 1.06 
0.500 -1.66 14.81 -1.59 13.92 -1.62 1.05 
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Figure A14 Cyclic voltammograms of [UO2(salbipy)(py)] (8) from -1.20 V to 
-2.60 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in py; initial scan cathodic) at multiple scan 
rates. 
 
 
 
Table A14 Cyclic voltammetry data for the {UO2}
2+
/{UO2}
+
 couple of 
[UO2(salbipy)(py)] (8) from -1.20 V to -2.60 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in 
py; initial scan cathodic) at multiple scan rates. 
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0.025 -1.68 3.56 -1.64 1.37 -1.66 2.59 
0.050 -1.68 5.27 -1.64 2.25 -1.66 2.23 
0.075 -1.68 5.69 -1.64 1.71 -1.66 3.33 
0.100 -1.69 5.94 -1.63 3.96 -1.66 1.50 
0.200 -1.69 10.32 -1.63 6.76 -1.66 1.53 
0.300 -1.71 14.13 -1.65 9.15 -1.68 1.54 
0.400 -1.71 14.95 -1.65 9.69 -1.68 1.54 
0.500 -1.73 19.52 -1.66 11.98 -1.69 1.63 
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Figure A15 Cyclic voltammograms of [UO2(salbipy)(DMF)] (9) from -1.20 V to 
-2.20 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in DMF; initial scan cathodic) at multiple 
scan rates. 
 
 
 
Table A15 Cyclic voltammetry data for the {UO2}
2+
/{UO2}
+
 couple of 
[UO2(salbipy)(DMF)] (9) from -1.20 V to -2.20 V (vs. Fc
+
/Fc; 0.1 M [Bu4N][PF6] in 
DMF; initial scan cathodic) at multiple scan rates. 
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0.025 -1.64 0.93 -1.57 0.74 -1.60 1.26 
0.050 -1.63 2.04 -1.57 1.48 -1.60 1.38 
0.075 -1.65 2.39 -1.58 1.63 -1.61 1.46 
0.100 -1.65 3.18 -1.58 2.10 -1.61 1.51 
0.200 -1.67 3.37 -1.57 2.12 -1.62 1.60 
0.300 -1.66 3.56 -1.58 2.17 -1.62 1.64 
0.400 -1.66 3.77 -1.59 2.61 -1.62 1.44 
0.500 -1.68 4.70 -1.60 2.88 -1.64 1.63 
